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AN ISOLATED GIANT AXON PREPARATION FROM 
THE LOBSTER NERVE CORD 


DISSECTION, PHYSICAL STRUCTURE, TRANSSURFACE 
POTENTIALS AND MICROINJECTION 


JULIAN M. TOBIAS’? AND S. H. BRYANT? 
Department of Physiology, University of Chicago 


Certain experiments on nerve call for the use of so-called 
giant axons. Heretofore the only isolated giant axons ex- 
tensively used have been those of the cephalopods, which, how- 
ever, are available only at the seacoast and, except for a few 
laboratories, only during the summer. It recently became de- 
sirable for the writers to have such a preparation available 
the year around in the midwest. The present report deseribes 
the isolated giant axon preparation developed to fill this need. 
Obtained from the lobster ventral nerve cord it has turned out 
to be a versatile biological tool. 


METHODS 
Biological preparation 


The lobsters used (Homarus americanus) have been shipped 
to Chicago from the east coast. They arrive packed in sea- 
weed, in barrels iced in such a way as to avoid contact by the 
animals with fresh water. Obtained within a few hours after 
arrival, they are wrapped with moist seaweed in 5 or 6 layers 
of heavy paper and are at all times kept refrigerated. Min- 
imal handling and minimal exposure to air favor survival. 

‘This work has been supported in part by a grant from the United States 


Public Health Service, Division of Neurological Diseases and Blindness, and in 
part by a grant from the Dr. Wallace GC. and Clara A. Abbott Memorial Fund of 
the University cf Chicago. 

: P f Pharmacology, University of Cincinnati School 

2 Present address: Department of Pharmacology, iversit: ‘ 
of Medicine. 
163 
JOURNAL OF CELLULAR AND COMPARATIVE PHYSIOLOGY, VOL, 46, NO. 2 
OOTOBER 1955 


164 JULIAN M. TOBIAS AND Ss. H. BRYANT 


Such animals live 4-5 days, occasionally but rarely as long as 
fie 

The ventral nerve cord is a bilaterally symmetrical struc- 
ture consisting of segmental ganglia and paired connectives. 
Whereas the ganglionic halves are bound together into a single 
gross structure the connectives are easily separable, being, in 
the cephalothorax, only tenuously joined by connective tissue. 
Each connective contains a bundle of many axons among 
which there are two giant fibers, the whole bundle being en- 
closed in a fibrous sheath. All experiments here reported have 
been done with the medial giant axons of the third pair of 
connectives, referring to the cireumoesophageal connectives 
as pair number one. The thoracic cord has been used because 
the axon is larger there than in the abdomen. The third con- 
nective has been used because, in the thorax, it yields the 
greatest length of giant fiber. Greater lengths of smaller di- 
ameter can be obtained from abdominal segments, greater 
diameters of shorter length from segments farther forward. 

First the extremities are amputated and the carapace is re- 
moved. The cephalothoracic cavity is then emptied of viscera 
and muscles thus exposing a hard, chitinous floor. The cir- 
cumoesophageal connectives can thereupon be seen entering a 
tunnel in the cephalothoracie floor. The nerve cord is covered 
by the roof of this tunnel back to the 5th pair of connectives 
where the roof opens to allow passage of the sternal artery. 
This artery passes between the 5th pair of connectives and 
should be cut before removing the cord. There is ample space 
to insert a scissors point anteriorly above the cord and thus 
gradually to cut away the entire tunnel roof. The cord is 
thereby exposed back to the abdomen. Now grasping the eir- 
cumoesophageal connectives with a forceps, one can, with small 
scissors, cut along both sides of the cord freeing it from pe- 
ripheral nerves. Posterior transection then frees it for re- 
moval. 

In the present experiments the cord has been held in a 
shallow trough (fig. 1) under clips bearing down at one end 
on the circumoesophageal connectives and at the other on the 
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4th or 5th paix of connectives. Since the giant axon has been 
used in the third connective the experimental segment was 
always 1 or 2cm away from either cut end. For birefringence 
studies the trough is made with a strain free glass bottom. 
For use with the slit ultramicroscope a glass front is re- 
quired. For electrical or chemical studies alone the whole 
may be of plastic. Since the giant fiber is dorsal, it is con- 
venient to have the cord dorsum upwards. Side-long incident 
light seems best for visualization. 

The giant axon can usually be seen through the cord sheath 
with about 12 x magnification. It appears as a seemingly 
empty, transparent tube. First, extraneous bits of tissue ad- 
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Fig. 1 Nerve chamber. 


herent to the sheath are removed, and the two connectives of 
the third pair are separated with an iris knife. The sheath 
of one connective is then nicked laterally with an iridectomy 
scissors. The tip of a fine, 45° angulated scissors is inserted 
into the cut and the sheath is slit along the entire connective. 
Holding the lower lip of the cut sheath with watchmaker 
forceps, the contained bundle of axons is loosened from it by 
passing a blunt instrument between the bundle and the sheath. 
The sheath is then transected, stripped back to the hmiting 
ganglia and cut away. The giant axon, plainly visible, is now 
isolated from the bundle by gradual removal of companion 
fibers. There is no branching and therefore little danger of 


subjecting the axon to excessive traction. 
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The entire dissection is very easy. Beginners have pre- 
pared functional isolated axons after one or two attempts. 
The preparation is favorable in that the nerve cord axons sep- 
arate readily. This is not true of the axons in either the claws 
or the walking legs which are much more tenaciously adherent 
to each other. The entire dissection, from the time of ampu- 
tating the extremities to having the axon isolated can be done 
in 15-20 minutes. 

It is possible to isolate both the medial and lateral giants 
in both halves of the cord. It has been our practice, however, 
to use only one side leaving the other half intact to provide 
mechanical support and to protect against accidental tension. 
The axon, once isolated, should be kept continually submerged. 
Floating on the surface of the medium has seemed to pro- 
duce damage, and transferring the isolated axon through the 
air from one dish to another has invariably made it inexcitable. 


Electrical and mechanical: micropipette 
injection electrodes 


A conventional stimulator, pre-amplifier and Pt wire elee- 
trodes, the latter mounted on micropositioners, have been used 
for stimulation and impulse detection. 

Impaling microelectrodes have been made in several ways. 
Ultrafine pipettes, filled by boiling under intermittent pressure 
(Ling and Gerard, ’49), are useful if one wishes only to meas- 
ure potentials. However, for injection electrodes this type is 
too small. Also, if one wishes to inject heat labile substances 
then to fill by boiling can obviously not be tolerated. Some 
electrodes have been filled by capillarity after exposure to a 
Tesla coil corona (Falk, 53). This technique enlarges the tip 
opening, but also usually produces new holes in the pipette 
at variable distances from the tip. Though convenient for 
some purposes such holes are more often troublesome since 
they produce low resistance shunts. 

For ease of filling and for injection a pipette was needed 
with a single terminal orifice in an approximately 1.5-2 u tip. 
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Such pipettes were drawn, but because the ends were jagged, 
and because the giant axon is encased in a rather tough connec- 
tive tissue sheath (fig. 2) the pipettes were difficult to insert 
and often did serious damage. Pipettes are now made in an- 
other way which seems to produce smooth tips of controllable 
diameter. 

Soft glass tubing, 0.7-1.0 mm o.d., is pulled by hand to an 
ultrafine tip. The tip is then exposed for 1-2 seconds to hydro- 
fluorie acid vapor by holding it in the neck of a bottle con- 
taining 48% hydrofluoric acid. It is then plunged into water 
which enters for a short distance. Microscopic examination 
shows that some of the tip extremity is removed by this pro- 


Fig. 2 Giant axon seen through crossed polaroid plates. Whole nerve cord 
in sea water 4 hours. Axon isolated for 1 hour. 


cedure. If the size is satisfactory the shank is filled with a 
hypodermic needle, the tip subsequently being flushed by 
pressure applied with a syringe. With practice one can make 
tips of any desired size which serve well both electrically 
and for injection. 

Even with an apparently satisfactory pipette it is occasion- 
ally difficult to penetrate the axonal sheath. In such cases the 
easiest way to impale is slightly to dimple the axon surface 
with the pipette and then to deliver a sharp but gentle tap to 
its holder. 

The micropipette electrode is held in a lucite adaptor with 
its solution column connected through KCl to a chlorided 
silver wire (fig. 3). The silver wire, in turn, leads to the grid 
of a 6AKD cathode follower. The adaptor is wrapped in 
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aluminum foil continuous with the cathode. The cathode fol- 
lower is housed in a 4 X 24 X 24 inch aluminum box mounted 
directly on a micropositioner. With the microelectrode held in 
the adaptor and plugged into the cathode follower box one can 
guide the electrode tip into the axon, Injection pressure is 
applied via an oil column in the polyethylene tube shown. The 
indifferent electrode is a chlorided Ag wire. 
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Fig. 3  Micropipette holder and cireuit. 


Potentials are visualized oscilloscopically. We have used 
two DuMont, 304H oscilloscopes and a homemade double beam 
oscilloscope, the latter with camera attached. A double beam 
tube (SSP7) was mounted in a metal box with an independent 
power supply and beam blanking circuits, the accelerating 
anode operating at 5000 volts. Standing between the two 
single beam oscilloscopes it is connected to them via short 
leads and easily removable plugs. The amplifiers of the single 
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beam oscilloscopes thus also serve the double beam tube. Both 
beams are operated by a common time base and are tempor- 
ally superimposable. This arrangement has been highly satis- 
factory. It is superior to the usual double beam oscilloscope 
built in fixed fashion in a single large box. The present ar- 
rangement makes two single beam oscilloscopes available 
when the double beam instrument is not im use. 
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OM KCl, ca, 4X 106 to ASO a saree e 
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Ag seen from figure 4 the resting potential has been visual- 
ized as a downward deflection of the microelectrode baseline. 
The transsurface action potential appears as an upward (pos- 
itive) displacement of this beam. The second beam of the 
oscilloscope has been used for observing the external action 
potential with superimposed time marks. In each experiment 
the response of the microelectrode system to a 1000 cycle 
square wave is recorded. Voltage sensitivity 1s measured with 
a DuMont, type 264-B voltage calibrator. 


RESULTS 


General observations 


From an average lobster one obtains 10-18 mm of isolated 
axon. The average overall diameter is 121 u (aver. of 39) 
(range 82-163). Due to easy deformability and plasticity, the 
diameter, after dissection, is irregularly variable along the 
long axis. The axon is closely invested by a sheath about 10 pu 
thick (fig. 2). 

For certain experiments it is not necessary to isolate the 
axon. Lying dorsal in the cord it is accessible to electrodes 
immediately following removal of the outer sheath. Low 
threshold and high voltage allow selective stimulation and 
spike identification. The conduction velocity of 38 axons 
(overall diam. 102-163 ») (temp. 15.5-29.8°C.) average 11.7 
meters per sec. (range 8.0-18.4). 


Sht ultramicroscopy 


The isolated axon appears, with low magnification, as a 
rather transparent tube in a closely applied, semi-opaque fi- 
brous sheath. It has not yet been possible to remove this sheath 
and retain excitability. Polarizing opties reveal two bire- 
fringent surface layers (fig. 2). The photograph shown is 
of an axon isolated in sea water for a rather long time, and is 
out of focus to exaggerate the duplex character of the sur- 
face. Freshly isolated axons look the same. Such double 
sheathing, the outer layer being connective tissue, has been 
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noted before (Bear and Schmitt, ’37). Whether these two 
layers are normally separated by an isotropic layer as the 
picture suggests is not yet clear. The fact that an electrode 
can enter this region and not record a potential, though the 
axon conducts normally, is evidence of at least partial separa- 
bility without loss of function. 

The conducting axon can also be examined by slit ultra- 
microscopy. In sea water it is seen to contain myriads of 
small particles more numerous centrally than peripherally. 
The majority exhibit active Brownian motion, some are en- 
tirely quiet, and some are arranged in short chains (order of 
590-300 p long) which are reminiscent of streptococci and which 
are preferentially oriented with their long axes approximately 
parallel to the axonal long axis. When the free particles are 
caused osmotically to stream along the long axis they flow in 
narrow channels on either side of which one can see motion- 
less particles. The observations confirm and extend earlier 
studies of Solomon and Tobias (’50) and of Chambers and 
Kao (751) on the squid axon and indicate that the axoplasm 
is a gel with highly fluid interstices, some, at least, of which 
form channels oriented along the axonal long axis. 

Hlectronmicrographs show both axoplasmie fibers and two 
classes of particles. The smaller particles are of the order 
of 320 A.U. after formalin fixation and 400 A.U. after osmic 
acid vapor. In addition, there are particles of about 3500 AW 
whose size seems less dependent on the fixative used. Many 
of the fibers are beaded. Similar beading has recently been 
reported for squid axoplasm fibers by Maxfield (754). 

Details of the cortical region are more difficult to visualize 
ultramicroscopically, there being considerable haze due to heht 
scattering by the sheath. However, when one can see particles 
very near the surface they appear to be in as active Brownian 
motion as are those centrally located. This means that the 
fluid in the gel interstices is not significantly more viscous 
toward the surface than in the center. Therefore if the cortical 
region is stiffer, as it appears to be in certain cells (Heil- 
brunn, 52), this would be due either to a greater structural 
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rigidity or closer packing of the gel feltwork, there still being 
highly fluid interstices. The present experiments give no evI- 
dence of a structurally differentiated cortex. 

A rough calculation from the Brownian motion of the cen- 
tral particles yielded a figure for axoplasmic viscosity which 
very closely approximated that of 5.5 centiposes obtained for 
lobster axoplasm by Rieser (’49) using a different method. 

No change in Brownian motion or organization of the par- 
ticles has yet been seen with stimulation at frequencies of 
5-40 per second for times of seconds to minutes, or with 
high frequency bursts. The work of Flaig using the squid 
axon (’47) and of others (Tobias, ’52) suggests that some 
such effect might be observable. However, a number of points 
must be kept in mind when comparing the experiments: (1) 
In the work with squid axons it was possible to stimulate at 
higher frequencies for longer times than we have yet been 
able to use. (2) Squid axoplasm is more rigid than that of the 
lobster giant axon. (3) In the squid experiments the evidence 
of an increase in axoplasmic viscosity was decreased axoplas- 
mic flow from a cut axonal end, and it is unlikely that impulses 
actually reached this region. (4) Since the lobster axon par- 
ticles showing Brownian motion appear to be in fluid spaces, 
the gel matrix could change without apparent change in the 
short range Brownian motion. 


Potentials 


Data concerning the transsurface potentials are shown in 
table 1. Tables 2 and 3 show the results of repeated and of 
prolonged impalement. Though not always so satisfactory, 
it is clear that rather prolonged experiments are possible. 


Impedance change with activity 


As a preliminary it was important to show that the impe- 
dance change with activity could also be demonstrated with 
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TABLE 1 


~ Transsurface potentials 


173 


RESTING EMF. ACTION EMF. OVERSHOOT 
og LD mv 
68 
68.9 89.9 21 
64.3 94.5 30.2 
63.3 86.6 23.3 
93 

95 122.4 23.4 
82.6 113.9 Slee 
67.6 77.4 9.8 
68.2 86.8 18.6 
57 92.6 35.6 
(O33 83.4 16.5 
64.4 109.3 44.9 
77 96 15 
82 atsreTt 29 
81 105 24 
82 118 36 
64 86 22 
81 125 44 
83.3 122 38.7 

Aver. 73.3 100.7 27.3 

S.E. 0.8 3.9 2.2 


Electrodes contained 3M KCl. External medium seawater. Room temperature 


variable. 
TABLE 2 
Repeated impalement 
TIME TRANSSURFACE POTENTIALS, MV 
min, action resting 
0 91.3 68 
10 83 65.6 
13 86.3 73 
20 87.2 58.1 
23 73.6 70.6 
30 78.9 66.4 


Electrode contained 3M KCl. External medium seawater. 
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this axon. Figure 5 shows the chamber used. A plastic fork, 
held in a micropositioner, carried the nerve cord held by clips. 
This was placed in the trough and the axon isolated there. The 


TABLE 3 


Prolonged impalement 


TIME TRANSSURFACE POTENTIALS, MV 
min. action resting 
0 109.3 64.4 
10 95 
30 96.9 
Be 92.2 
60 95 
62 95 
90 95 
100 98 
102 96 
113 90.2 
115 79 
ily 69.8 
TAD 64.4 
119.5 59.8 59.8 (blocked) 
0 101.5 73.5 
13 98 
48 87.5 73.5 


Electrode filled with 3M KCl. External medium seawater. 
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Fig. 5 Nerve chamber for impedance measurements. 
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fork was then moved to place the axon in the 150 u Slot between 
two platinized platinum electrodes. Figure 6 shows a typical 
response. The measurement was made at 23 ke., the bridge 
output being fed to the oscilloscope throuch a filter amplifier 
(gain down 30% at 5 ke. above or below 23 ke.). The external 
spike, shown on the lower trace, is temporally displaced from 
the impedance change because of electrode positioning. 


Fig. 6 Impedance change with activity. 


Fractional measurement of the transsurface potentials 


At the start of impalement when the electrode just dimples 
the axonal surface one sometimes sees a small positive spike 
before any of the resting potential is recorded. A similar 
phenomenon, described by Tasaki (’52) using frog axons, is 
ascribed by him to high DC resistance of a thin myelin film 
presumably covering the electrode tip. Not only is there no 
proof that this explanation is correct, but if it can be gener- 
alized then one must assume that the thinner layer of myelin 
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in the lobster axon must act as a DC resistance about as effi- 
ciently as does the thicker layer of the frog axon. 

Upon impalement it has sometimes been found that the 
transsurface potentials were recorded stepwise rather than in 
all-or-nothing fashion (fig. 7, table 4). It has not always been 
possible to demonstrate the phenomenon at will, and it oe- 
curred more frequently during the early stages of the work 
when we had less experience with the techniques. Therefore 
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Fig. 7 Fractional measurement of transsurface potentials. 


TABLE 4 


Data to accompany figure 7 


TIME PROCEDURE TRANSSURFACE POTENTIALS, MV 
min. action a ; resting 
— 14 Fully impaled 77 96 
— 4 Reimpaled 90.3 85.5 
Shown in 
fig. 6 
0) Partly impaled OES 10.5 
2 Tapped micropositioner 28.5 20.9 
i Tapped micropositioner 64.6 49 4 
4 Tapped micropositioner 76.0 66.5 
4.5 EKleet. moved outward fillies 47.6 
5 Tapped micropositioner 14.3 9.5 


Electrode filled with 3M KCl. External medium seawater. 
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it seemed likely to be due to local injury with variable shunt- 
ing of the potentials, rather than to measurement of the po- 
tentials of series oriented batteries. In one experiment an 
electrode prepared by the method of Falk (53) had a small 
side hole at about 15 u from the tip, and this hole could be 
seen with the dissecting microscope while the electrode was 
being inserted. As the tip entered a small potential was 
recorded, but when the side hole also entered then the full 
potential appeared. Such an effect is what would be expected 
in this situation. A shunt produced by incomplete entry of 
a bevelled micropipette tip or by injury around the impale- 
ment site should have a similar effect. Perhaps, in the ex- 
periment recorded in figure 7, as the microelectrode was ad- 
vanced it more completely filled an injured area allowing 
progressively greater fractions of the potentials to be re- 
corded. 


Development of block at an impalement site 
and micromyjection 


When the axon blocks it usually does so completely and sud- 
denly. Sometimes, however, the process is slow and progres- 
sive changes in spike height and shape are easily followed. 
Figure 4 shows a series of such changes. In this experiment 
KCl was injected, but the changes recorded are not peculiar 
to injection, a similar sequence typically following mechanical 
injury. The particular series is used because this axon ex- 
hibited practically all the changes seen with others in more 
fragmentary fashion. Frames 1 and 2 show the potentials 
obtained with a satisfactory impalement. The electrode was 
then withdrawn and reinserted at a new site. This time 
(frame 3) the action potential quickly became smaller, broader 
and notched. There was no overshoot and soon the axon was 
completely blocked. However, in the next picture the axon is 
recovering and continues to do so. The axon was then in- 
jected with 4 x 107° to 4 X 10 * ce. of 0.1 M KCI, picture 9 
being taken immediately afterwards. The next 13 frames show 
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gradually increasing notching leading to block and followed 
by spontaneous recovery. It is characteristic that when the 
second peak of the transsurface action complex disappears the 
axon blocks. Occasionally preceding block one sees an initially 
decreasing slope and a step on the upsweep of the transsurface 
spike. There is striking similarity to the classical picture 
of a spike growing out of the local response. 

Both types of pre-block changes seem to represent local 
excitability changes. The normal impulse approaches the 
impalement site, but with the onset of injury a delay precedes 
genesis of the action potential arising at and leaving this 
region. This delay increases and the second spike becomes 
progressively smaller. The delay allows some recovery to 
occur resulting in a downstep which together with the smal- 
ler second spike produces notching. Since the second spike 
is to be propagated downstream one would expect to see 
block when it disappears and such is the ease. 

Concerning the matter of microinjection we have initially 
had only the objective of demonstrating that it is possible 
with this axon to microinject without blocking, and this is 
the case. There are not enough experiments to warrant 
launching into a major discussion of the electrical effects of 
injecting salts. Experiments like that shown in figure 4 have 
been reported by Grundfest and co-workers (753) using the 
squid axon. Similar experiments on resting potential have 
been reported by Falk using frog muscle (753). We ean, how- 
ever, add a word of caution pertinent to the interpretation 
of such experiments. We have examined lobster axons 
microscopically after injection, and in most cases have seen 
vacuoles and subsurface blebs. These have clearly been 
caused by the injection. The fact that small vacuoles may 
occur normally in the squid axon (Kao, °53) is not pertinent 
here, because no such vacuoles are seen in the uninjected 
lobster axon even with the ultramicroscope. Even if no in- 
jection vacuoles are seen in the squid axon one should recall 
that the injected material might distribute itself along axo- 
plasmic channels or wash out or displace a certain amount of 
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cytoplasm and be contained inside the remainder without 
forming easily recognizable vacuoles. Therefore the question 
arises as to whether or not the injected material is really 
inside the cell in a functional sense. 

One other point should be raised. One might argue that 
even if the material is more-or-less subtly vacuolated the 
ions will diffuse out and should act as additions to the axo- 
plasmic constituents. It is possible however that the state of 
the ions introduced into the axoplasm might be quite dif- 
ferent there depending on whether they were directly injected 
in the form of salts such as KCl, K aspartate, CaCl, ete., or 
whether they entered the cell across the surface in combina- 
tion with some as yet unknown substance. For example, when 
certain concentrations of CaCl, come directly into contact 
with squid axoplasm then the axoplasm appears to disperse 
(Hodgkin and Katz, ’49; Chambers and Kao, ’50). This 
may, incidentally, not mean true dispersion in the sense of 
dissolution. Be that as it may, however, CaCl, outside the 
axon in the region of a polarizing cathode can reverse the 
usual swelling and transparency increase caused by such a 
cathode, and produce instead circumeathodal shrinkage with 
an increase in axoplasmic opacity (Tobias, ’51), an effect 
much more readily compatible with a picture of gel shrink- 
age then of dispersion. It is suggested therefore that the 
route of access and perhaps also the speed may play a role 
in the final effect which an ion will have on cell structure 
and processes. Thus, interpretation of the effects of ion 
injection may require information about the distribution and 
intracellular state of the ions which goes beyond the simple 
fact of injection. 


SUMMARY AND CONCLUSIONS 


1. The dissection of an isolated giant axon preparation 
conveniently available throughout the year is described. 
9. A method for making micropipettes suitable for trans- 


surface potential measurements and for simultaneous micro- 
injection is described. These pipettes are small and smooth 
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enough not to injure on entry and yet can easily be filled 
and used for microinjection by means of a syringe manually 
actuated by a micrometer screw. 

3. The overall diameter of the axon in the segment used 
ranges from about 102-163 yp. The conduction velocity has 
varied between 8 and 18.4 meters per second depending on 
size, temperature and condition. 

4. The axon has two birefringent surface layers the outer 
of which appears to be connective tissue. 

5. Using the slit ultramicroscope with the axon in sea- 
water shows the axoplasm to contain many particles, more 
numerous centrally, some in Brownian motion, others quies- 
cent. Some of these particles are arranged in chains pref- 
erentially oriented along the axonal long axis. The axo- 
plasm as a whole is a gel with highly fluid interstices and 
containing long axis oriented channels. With the axon in 
seawater no difference has yet been observed in Brownian 
motion of particles near the surface as compared to those 
in the center. Nor has there yet been observed any effect of 
impulse conduction on Brownian motion or other character- 
istics of the particles. These findings are discussed in re- 
lation to the observations of others on cortical rigidity in 
other cells and on possible viscosity changes with activity. 

6. Electronmicrography also shows the presence of axo- 
plasmic particles and fibers. After fixation the particles fall 
into two size classes, 320-400 A.U. and ca. 3500 A.U. 

7. The impedance change with activity has been demon- 
strated. 

8. Measurements of the transsurface resting and action 
potentials are tabulated. Multiple impalements or prolonged 
impalement are possible without apparent damage. Pene- 
tration of the axonal connective tissue sheath alone has re- 
vealed no potentials across it. Small positive spikes are 
sometimes seen in the absence of tapping the resting po- 
tential. Fractional (stepwise) measurement of both the rest- 
ing and action potentials has been demonstrated and one 
likely mechanism is discussed. 
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9. Certain aspects of the microinjection of salts are dis- 
cussed. ) 
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EFFECTS OF PHOSPHOLIPASES, COLLAGENASE 
AND CHYMOTRYPSIN ON IMPULSE CON- 
DUCTION AND RESTING POTENTIAL 
IN THE LOBSTER AXON WITH 
PARALLEL EXPERIMENTS 
ON FROG MUSCLE 


JULIAN M. TOBIAS * 
Department of Physiology, University of Chicago 


The use of enzymes applied to tissue sections to produce 
changes in or to excise specific substrates has become a stand- 
ard tool in histo- and cytochemistry as an aid in naming the 
chemical constituents of certain cell and tissue parts (Gomori, 
52). There have, however, been fewer attempts to use en- 
zymes as chemical dissectors of surviving whole cells or cell 
parts, to produce observable changes not only in structure 
but also in function (Northrop, ’26; Ballantine and Parpart, 
40; Nordquist, 52; Bohus—Jensen, ’53; Hagstrom and Hag- 
strom, °54; Nygaard, et al., 54; Lansing and Rosenthal, 
52; Haas, 53), thus allowing one to obtain information 
about the importance of a particular substrate and of its 
structural organization for normal activity. 

The present report deals with certain functional conse- 
quences of exposing the isolated giant axon of the lobster 
nerve cord and the sartorius muscle of the frog to two phos- 
pholipases, to collagenase and to chymotrypsin. 

1This work has been supported in part by a grant from the United States 
Public Health Service, Division of Neurological Diseases and Blindness, and 
in part by a grant from the Dr. Wallace C, and Clara A. Abbott Memorial Fund 


of the University of Chicago. 
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METHODS AND MATERIAL 


Details of the axon isolation, the properties of the prepara- 
tion and pertinent electrical techniques are described else- 
where (Tobias and Bryant, ’55). In all cases the axon, held 
in a trough as illustrated in the earlier paper, was allowed 
to equilibrate in 3.5-4.0 cm® of filtered sea water for 30 min- 
utes before chemical manipulation was started. During this 
time threshold and conduction velocity were monitored at 
5 minute intervals. If conduction velocity slowed or if the 
threshold rose the axon was discarded. If these quantities 
did not change during the control period, and usually they 
did not or the conduction velocity increased slightly, then 
the test substance was added to the medium, and threshold 
and conduction velocity were observed at one minute inter- 
vals thereafter until the axon became inexcitable. At this 
time it was tested for excitability along its entire isolated 
length to rule out local block due to injury. When overall 
inexcitability had been demonstrated the axon was impaled, 
the impaling electrode then being left in until the resting 
potential fell to zero. When depolarization was complete the 
axon was reimpaled at least once at a new site, again to check 
on the possibility of local injury. In all experiments the 
microelectrodes were ultrafine and were filled with 3M KCL. 

For experiments on muscle the excised frog sartorius was 
kept in Ringer solution at 3-5°C. for 18-24 hours before use. 
Following control measurements the muscle was hung by 
a thread attached to its tibial tendon, in a moist chamber, 
with 3-5 mm of the pelvic end immersed in Ringer solution 
containing the test substance. The muscle was then removed 
at 5 minute intervals for measurement, in air, of any demar- 
cation potential which had developed between its immersed 
and untreated parts. When the potential had reached a 
plateau the immersed region was crushed and its injury po- 
tential was measured. Thus the chemical depolarization 
could be compared with the crush potential in the same mus- 
cle and could be expressed absolutely in millivolts or as per- 
eent of the crush potential. Wick electrodes were used. 
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Control muscles were run in parallel with pelvie ends im- 
mersed in normal Ringer solution (6.5 gm NaCl, 0.14 9m 
CaCl, 0.12 gm KCl, 0.20 gm NaHC0;, H.0 to 1000 ml). 

The nomenclature of the phospholipases used is made clear 
by the formula below on which is diagrammed the enzyme 
classification as A, B, C or D depending on the locus of leci- 
thin cleavage (Zeller, ’51). 


cleaved by phospholipase A 


Vv 
H.C O — COR 


| G cleaved by phospholipase B 
HC —— 0 —— COR 


a cleaved by phospholipase C 
HC —— 0 —— P-(0)-O-CH,CH,N* (CH,), 
| a 


Os cleaved by phospholipase D 


Both phospholipase A and phospholipase C were used. 
The source of phospholipase A was dried whole venom of 
the cobra Naya naja. This enzyme was not separated in pure 
form, but for some experiments was functionally isolated by 
heating for 10-15 minutes at 100°C. at pH 5-5.5. Such 
treatment is said to destroy all enzymes known to be in the 
venom with the exception of the phospholipase (Braganca 
and Quastel, ’52, ’53). 

Phospholipase C was obtained from filtrates of Cl. welchit 
cultures. In this case, purified enzyme preparations in so- 
dium phosphate buffer at pH 7, ionic strength 0.1, were made 
available to the writer through the generosity of Drs. Pille- 
mer and Roth of Western Reserve University. These prep- 
arations were known to contain three enzymes of potential 
importance for the present experiments, (1) phospholipase 
C, an haemolysin also known as alpha toxin, (2) theta toxin, 
another haemolysin whose substrate is not yet known, and 
(3) a collagenase, also known as kappa toxin. Since ‘these 
substances were present in different but known amounts in 
the several solutions supplied it was possible to show that 
the effects on conduction and resting potential which will 


186 JULIAN M. TOBIAS 


be described were, in all probability, due to the action of 
phospholipase C. Such a conclusion was also supported by 
other findings. 

A erude lysophosphatide mixture containing lysolecithin 
and lysocephalin was made by incubating dog serum with 
cobra venom at 37°C. for 24-48 hours. Proteins were pre- 
cipitated with alcohol, the material then being filtered and 
evaporated to dryness in vacuo at room temperature. The 
residue was dissolved in alcohol, the lysophosphatides sub- 
sequently being precipitated by adding 6 volumes of ether. 
After centrifugation and vacuum drying the material was 
redissolved in alcohol, reprecipitated with ether, redried 
and stored at -15°C. until used. 

Salt free, lyophilized chymotrypsin, prepared according 
to the method of Kunitz and Northrop (’35), was obtained 
from the Armour Research Laboratories. The ribonuclease 
was obtained from the Worthington Biochemicals Co. 

Haemolytic activity was measured in terms of sheep ery- 
throcyte lysis. For phospholipase C the method given by 
Roth and Pillemer was used (’53). When assaying for phos- 
pholipase A, egg yolk was added to the incubation mixture 
to provide a source of lecithin. 

Collagenase activity was measured in terms of dye release 
from azocoll (Oakley et al., ’46). 


RESULTS 
Phospholipase 


Table 1 shows that Naja naja venom in sea water caused 
lobster axons to become inexcitable and to depolarize. 
Though the time required was variable, there is no doubt 
that the venom was responsible for these effects since many 
control axons always conducted for times far beyond those 
at which the treated axons became inexcitable. Inexcita- 
bility was preceded by a rising threshold, decreasing con- 
duction velocity and declining external spike height. The 
transsurface spike height has not yet been measured as a 
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function of exposure time, but once the axon was blocked 
the resting potential gradually fell to zero, the time required 
tending to decrease with increasing venom concentration. 
The data in table 1 also show that venom heated in a boiling 
water bath for 10-15 minutes at pH 5-5.5 still blocked 


TABLE 1 


Effect of Naja naja venom on the lobster axon 


TREATMENT OF Yy OF VENOM MINUTES REQUIRED TO MINUTES REQUIRED TO 
VENOM SOLUTION PER ML OF BLOCK AFTER ADDING DEPOLARIZE TO ZERO 
SEAWATER TOXIN AFTER ADDING TOXIN 
Untreated sol’n. 1000 <4 
of native venom‘ 1000 <4 
50 1-2 
50 1-2 
44.4 4 13 
44,4 <4 12 
44.4 3-4 13 
44.4 if 33 
44.4 4 20 
44,4 27 36 
40 33 
40 2-3 
33.3 8 34 
33.3 34 49 
20 46 60 
100° for 10 min. 73 7 19 
at pH 5-—5.5, then 73 15 29 
neutralized 44,4 4 33 
44.4 36 60 
100° for 60 min. RESTING POTENTIAL 
at pH 8, then Minutes after 
‘ toxin or placebo my. 
neutralized added 
73 No block when experiments 67 70 
44.4 terminated at 60-90 min. 60 60 
44.4 90 63 
Three normal control axons 95 67 
with addition of seawater No block when experiments 120 65 
placebos to control mecha- terminated at 95-120 min. 98 ffl 


nical disturbance 


t Another series of 9 axons run during the summer showed a higher sensitivity 


to the venom. 
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whereas longer heating at pH 8 completely inactivated the 
toxic material. Since the only enzyme in Naja naja venom 
known to be heat stable under these conditions is the phos- 
pholipase A (Braganca and Quastel, ’52, ’53) this may be 
taken as presumptive evidence that it was the phospholipase 
A component of the venom which produced inexcitability 
and depolarization. 


TABLE 2 


Effect of Naja naja venom on the lobster axon, frog muscle and sheep erythrocytes 


MUSCLE EFFECT 


AXONAL EFFEOT Demarcation aE 
Taivont SOLUTION 1 Min. to Min. to /ml eg keer % 
y/m block — depol. uy eee y/ml hemotyeis 
muscle 

Untreated 44 4 15 400 83 0.4 59 
solution of 75 67 
native venom 100 69 
76 44 
85 63 

83 

121 95 

72 

74 

81 

75 

97 

81 
100° for 10 min. 73 15% 291 121 74 0.4 36 
at pH 5-5.5, ie (ee Oi 97 44 
then neutralized 39 
25 
21 
32 
100° for 60 min, 73 Conduction and 121 0 0.4 0 
at pH 8, then resting potential 0 
neutralized still normal 0 
at 120 min. 0 
0 


* Possible slowing of action on axon may have been due to partial heat inactiva- 
tion as is also mirrored in decreased haemolytic activity. 
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To obtain comparable data for frog muscle and sheep 
erythrocytes, a single sample of venom was divided and dis- 
solved in the appropriate media and, within about 40 hours, 
was used for all the experiments reported in table 2. The 
axonal data confirm the findings already noted. In addition, 
it is seen that frog muscles were depolarized by the native 
and acid boiled samples but not by the alkaline boiled ali- 
quot. Krythrocyte lysis also ran parallel to the effects on 
axons and muscles although it is clear that red cells are much 
more sensitive than either of the other two tissues. 

The possibility that ribonuclease, also known to be heat 
resistant at low pH, could have been causing the changes ob- 
served was controlled by exposing axons and sartorius mus- 
cles to high concentrations (1000 and 100ug per em?) of 
crystalline ribonuclease. These concentrations, greater than 
any amount of ribonuclease which could have been present 
even if the venom powder had been pure ribonuclease, left 
two axons conducting normally when the experiments were 
terminated after 90 minutes of immersion and produced no 
depolarization or contracture in any of 6 frog muscles It 
would seem that ribonuclease was not responsible for the 
changes seen. 


Effects of lysophosphatide and shift to experiments 
with phospholipase C 


The preceding experiments indicate that phospholipase 
A ean block and depolarize the lobster axon and can depolar- 
ize frog muscle. Two mechanisma, among others, come to 
mind: (1) Phospholipid hydrolysis at the A position may 
liberate toxic products which produce the changes. In this 
case both conduction block and depolarization would result 
from the action of the hydrolysis products and not from 
disruption of the phosphatide molecule per se. (2) Simply 
disrupting phospholipid structure, without forming toxic 
products, may per se produce the functional changes seen. 
(3) Both mechanisms may participate. 
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Concerning the first possibility, studies on haemolysis by 
Naja naja venom show that phospholipase A does not di- 
rectly lyse erythrocytes but does so by way of the action of 
lysolecithin which it liberates from lecithin as shown below. 

H.C COR H,C — OH | 

sipenon phospholipase A HC — COR + fatty acid 

HC + 0=P-(0)=0-CH,CH,N* (CH.), = — 0-P-(0)-O-CH,CH,N* (CH); 

6- o- 

Thus, the venom does not haemolyse washed red cells unless 
lecithin is added (for refs. see Zeller, ’51 and Wittcoff, ’51). 
How lysolecithin produces erythrolysis is not known (see 
also later), but if, as a working hypothesis, one equates de- 
polarization of axons and muscle with red cell lysis then it 
might be concluded that when phospholipase A depolarizes 
it does this too through the medium of forming lysophospha- 
tide. An obvious experiment was to determine whether lyso- 
phosphatide can depolarize axons and muscle. 

Frog muscle exposed to a mixture of lysolecithin and lyso- 
cephalin was depolarized, the depolarized area exhibiting 
twitching which soon passed over into sustained local con- 
tracture (table 3). An amount which produced about 72% 
depolarization of muscle in 10-30 minutes, however, had no 
detectable effect on the lobster axon even after an hour. It 
was suspected that the high Ca in sea water might be inhibi- 
tory, and table 3 shows that increasing the Ca in frog Ringer 
to 10mM, roughly the concentration in sea water, did di- 
minish muscle depolarization by the preparation. Therefore 
the axon was exposed to the preparation in a concentration 
whose action on muscle was not significantly inhibited by 
10mM Ca. Now, in two trials, it blocked in 20 minutes. 

Such apparent calcium protection is interesting, since 
raised Ca not only does not inhibit but may slightly favor 
erythrocyte lysis by lysolecithin (Collier, 52). This has been 
partially confirmed with sheep cells for the preparation used 
in these experiments. Ten millimolar Ca did not inhibit 
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lysis. Why the action should be different for red cells as 
compared to frog muscles or lobster axons is not immediately 
clear. The difference might disappear if the nerve and mus- 
cle experiments were repeated with purer lysolecithin. 


TABLE 3 


Action of lysophosphatide preparation on frog sartorius with or without raised Ca 


DEPOLARIZATION PRODUCED IN 30 MINUTES 


LYSOPHOSPHATIDE Tn normal frog Ringer In frog Ringer containing 
PREPARATION 10 mM Ca 
= Se Ge a 
injury poten’l. 
mg / em? aver. aver. 

10.05 40) 100 39 100 
30 79 30 83 

33 100 93 My 100 91 
4.95 24 62 17 49 
38 79 24 ait 

36 ae i 33 Hal 68 
2.0 29 7 11 24 
39 83 8 Wy 

allt 96 83 13 Bi 26 
2.0 34 Wl 5 12} 
33 83 5 10 

28 78 fata 10 26 16 
2.0 29 68 6 16 
22 65 7 iy 

41 91 78 9 Pal 18 
20 22 3 1 6 
20 52 fi Pal 

23 48 58 4 ali 15 
2.0 2) 64 5) 12 
28 61 ff 14 

23 72 66 3 8 12 


Desheathed frog sciatic nerves were rendered inexcitable 
by the lysophosphatide (table 4). HKighteen hours in a large 
volume of Ringer solution produced no recovery. 

The fact that the preparation produced depolarization lends 
additional credence to the notion that phospholipase A may 
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produce its effects on these tissues via forming lysophospha- 
tide. The results to this point therefore furnish no proof that 
disruption of phosphatide molecules can directly cause de- 
polarization. 

Since a major objective was still to determine whether 
disruption of phospholipid structure would per se cause de- 
polarization and inexcitability, the next step was to try to 
attack the phospholipid in such a way as to produce non- 
toxic end products. A potentially useful tool seemed to be the 


TABLE 4 


Action of lysophosphatide preparation on frog sciatic nerves 


> MINUTES REQUIRED TO RENDER 
LYSOPHOSPHATIDE PREP N. NERVES INEXCITABLE 


mg /em* 


10 14 


All nerves desheathed just before use. Hight desheathed control nerves were 
still conducting 15 hours later though with diminished spike heights. 


phospholipase C formed by Cl. welchii. This enzyme splits 
lecithin at the glycerol-phosphorice acid linkage producing 
phosphoryl choline and a diglyceride (Macfarlane and Knight, 
41), end products which it was anticipated would not be cyto- 
toxic. There are conflicting reports on the ability of this 
enzyme to hydrolyze sphingomyelin (Zamecnik et al., ’47; 
Macfarlane, ’48), but there is very little sphingomyelin in 
the lobster nervous system (0-6% of total phospholipid, 
Brante, ’49), and if it is acted on at all it is hydrolyzed con- 
siderably more slowly than is lecithin (Macfarlane, 48). 


i 
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Cephalin is also present in small quantity only (11-15% of 
total phospholipid, Brante), and apparently is not hydrolyzed 
by this enzyme (Macfarlane, ’48; Zamecnik et. al., 47), 
Lecithin, however, is the dominant phospholipid, 80-90% 
(Brante), and is the favored substrate for this enzyme. There- 
fore, as a working hypothesis it was assumed that if the en- 
zyme depolarized the axon it would be doing so, in all likeli- 
hood, somehow as a consequence of lecithin hydrolysis at the 
C position. 

To begin with, no significant haemolysis was produced dur- 
ing 24 hours at 37°C. by 20 times as much phosphoryl choline 
as would be liberated by all the red cells present if all of 
their phospholipid were lecithin and all of it yielded up its 
phosphoryl choline (Parpart and Dziemian, ’40). Therefore, 
phosphoryl choline, as used here was not haemolytic. When 
tested on two axons (1-2 mg per cm’) no block had occurred 
when the experiments were terminated at 60 and 144 minutes 
respectively. Frog muscles were partially depolarized at 
concentrations 2 to 9 times that which would be produced if 
all their phospholipid (Bloor, ’86) liberated its phosphoryl 
choline. However, such depolarization reached a maximum 
of only 29% in 60 minutes. With concentrations just above 
that to be expected from total hydrolysis depolarization was 
essentially absent. 

A diglyceride, D-aB dimyristoyl glycerol was also tested. The 
insolubility of this material in water, however, allowed less 
satisfying experiments. Nonetheless a saturated colloidal 
suspension produced no depolarization of three sartorius mus- 
cles after more than 9 hours exposure, and gave no evidence 
of erythrocyte lysis after 24 hours incubation. Sheep plasma, 
saturated with the material by shaking at 37°C. for 24 hours, 
also produced no lysis. Sea water shaken with the diglyceride 
for 24 hours was tried on the axon, and in addition a solid 
erystal was laid directly on the axon. The axon was still 
conducting 4.3 hours later. 

It therefore appeared that the end products of the action 
of phospholipase © on lecithin do not haemolyse and do not 
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deplorize. Now, if the phospholipase C were itself found 
to depolarize and block it would appear that lecithin hydro- 
lysis at the glycerol-phosphoric acid linkage results per se 
in block and depolarization. There would still be doubts 
concerning the validity of the above tests in terms of local 
concentrations developed when the enzyme actually acts on 
the substrate at its cellular locus. Keeping such a qualifica- 
tion in mind, however, the importance of the integrity of the 
lecithin molecule would be strongly attested to, and certain 
interesting experiments would be suggested. Therefore the 
effects of phospholipase C on axons and muscle were inves- 
tigated. 


Phospholipase C 


The first preparation used contained a large amount of phos- 
pholipase C, 180 Lg, units per milliliter, a small amount of 
theta toxin, about 140 haemolytic units per milliliter and some 
collagenase, about 4.5 arbitrary units per milliliter. Since 
the material was supplied in sodium phosphate buffer (pH 7, 
ionic strength 0.1), it was first shown that amounts of such 
buffer beyond the quantities likely to be used were innocuous 
for the axon. It later turned out that the quantities actually 
used were below these amounts. The enzyme preparation was 
then applied to axons. Table 5 shows that the material ren- 
dered the axons inexcitable and then caused the resting 
potentials to decline to zero. Preceding inexcitability, as with 
phospholipase A, threshold rose, conduction velocity slowed, 
and the upstroke of the spike became progressively less steep. 
The preparation was found also to depolarize muscle though 
the dose-response relationship was not extensively investi- 
gated (table 6). 

It now became important to learn which of the substances, 
phospholipase C, theta haemolysin or collagenase was re- 
sponsible for the depolarization. 

That the theta haemolysin was responsible seemed un- 
likely. This material is oxygen sensitive and requires re- 
duction, as by cysteine, for activation (see the theta haemo- 


ENZYME EFFECTS ON AXONS AND MUSCLE 195 


TABLE 5 


Effect of phospholipase © rich fraction of Cl. welchii toxin on axon 


CONCENTRATION CONCENTRATION NALONTLUA Obs pce 
OF PHOSPHOLIPASE © OF COLLAGENASE ae DEPOLARIZE 
TO ZERO 
L;,/ml arb. units/ml 

20 0.5 1 

20 0.5 6 6 
4 Ori 13 
Sai 0.09 9.5 18 
3 0.075 12 19 
3 0.075 ial 22 
2 0.05 14 
2 0,05 25 all 
2 0.05 28 42 
2 0.05 i Als} 
a 0.025 14 23 
1 0.025 24 30 
il 0.025 18 32 
ali 0.025 39 46 
al; 0.025 14 
1 0.025 no bloek 
0.4 0.01 36 

TABLE 6 


Effect of phospholipase C rich fraction of Cl. welehii toxin on frog muscle 


MAXIMUM DEPOLARIZATION IN 60 MINUTES 


CONCENTRTION 
OF PHOSPHOLIPASE © 4 as % of crush potential 
TON for the same muscle 
L,/ml 

18 36.9 103.7 
53.3 108.8 

36.9 101 
15.3 53.7 
44.5 109.6 
38.1 84.7 
48.3 99.8 
44.3 118.3 
38.9 87.3 
44.3 100.5 

9 36.7 100 
42.1 92.4 


mean 39.9 96.7 
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lysin assay used by Roth and Pillemer, 03). Nonetheless 
a preparation rich in theta toxin and poor in phospholipase 
( was tried. In the experiments of table 5 the theta toxin 
varied between 15.5 and 0.31 haemolytic units per milliliter. 
In three experiments, using now the phospholipase poor and 
theta toxin rich preparation, a theta concentration as high as 
2000 haemolytic units per milliliter had no effect on axons 
after as long as 84 minutes. In addition, table 9 shows that 
still higher concentrations failed to block. It therefore seems 


TABLE 7 


Effect of collagenase rich fraction of Cl. welchii toxin on axon 


MINUTES MINUTES 
CONCENTRATION CONCENTRATION TO TO 
OF PHOSPHOLIPASE © OF COLLAGENASE rane ee 
L;,/ml arb. units/ml 
Beil 37 5 
Boll Bl 6 13 
3 30 6 10 
3 30 9 15 
2 20 8 14 
2 20 10 28 
ee, 13 6 
1 10 as 37 
i 10 8 16 
1 10 14 
(OL ed no block 
0.1 1 no block 


clear that the theta haemolysin was not responsible for the 
depolarization or inexcitability produced by the earlier prep- 
aration. 

This limited the possibilities to phospholipase C or col- 
lagenase. Now a collagenase rich, phospholipase C poor 
preparation was used (table 7). With phospholipase C con- 
centrations comparable to those used for table 5 block and 
depolarization occurred in about 30% less time than with the 
collagenase poor preparation, but the collagenase had been 
increased about 400 times. Obviously the onset of inexcita- 
bility was closer related to the phospholipase concentration 
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than to the collagenase, and was apparently only being 
secondarily and slightly influenced by the collagenase. When 
the phospholipase was sufficiently reduced the material no 
longer blocked even though more collagenase was present 
than had previously been used in experiments where the 
phospholipase C concentration was greater and block did 
occur. Clearly phospholipase C can block and depolarize. 

This type of experiment was repeated (table 8) with azo- 
coll assay (Oakley et al., ’46) for the relative collagenase 
activities of the several solutions, the solutions being simul- 
taneously tested on red cells. The data confirm the earlier 
conclusions, and also show that the collagenase activities were 
in the anticipated order. The apparent potentiation of ery- 
throlysis by collagenase is not yet to be taken seriously 
since such an excess of theta toxin was present that even 
without reduction some erythrolysis was expected. 

The data so far cited made it quite certain that it was the 
phospholipase C, and neither collagenase nor theta toxin 
which was responsible for block and depolarization. How- 
ever, by the use of antisera the point was further substan- 
tiated. Table 9 shows that neutralization of the phospho- 
lipase C prevented block and that the occurrence of block 
was not related to collagenase activity. 

Finally, it should be pointed out that phospholipase C 
changes the axon in appearance. Normally clear and trans- 
parent, the axon surface, exact locus not yet determined, 
after such treatment appears finely powdered. This is ten- 
tatively associated with the possible formation of free lipid 
droplets, it being known that treatment of plasma with phos- 
pholipase C results in a layer of lipid floating on the surface. 

The interpretation of these experiments is that hydrolysis 
of phospholipid, probably lecithin, at the glycerol-phosphoric 
acid linkage results in inexcitability and depolarization, and 
these changes are not due to the formation of toxic end 
products as is probably a complicating factor in the action 
of phospholipase A. 


TOBIAS 
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Chymotrypsin 


It was next asked whether a protease would act similarly. 
Early experiments with papain and hyaluronidase (Alidase) 
failed to show any effect, and, as noted earlier, neither 
ribonuclease nor collagenase produced changes. Therefore, 
crystalline a chymotrypsin was tried. 

The tabular data (table 10) show only that chymotrypsin 
failed to block the axon after exposures as long as 90 minutes, 


TABLE 10 


Showing that crystalline chymotrypsin in the quantities used neither 
blocked nor depolarized the axon 


epee ee SS) TRANSSURFACE POTENTIALS 


CONCENTRATION IN CHYMOTRYPSIN WHEN 
uv MOrReeany Sueno Wii akon Gru Time = base ee 
CONDUCTING 
mg/ml min. min. mv mv 
al. 92 68 57 86 
92 57 74 
itt 92 61 60 81 
64 94 
70 97 
76 97 
82 103 
92 57 57 
(axon then blocked 
at impalement site) 
0.87 96 92 78 112 
96 65 89 
1 94 90 60 
92 55 86 


and that neither the resting nor the action potentials were 
dramatically changed though they may have been lowered 
somewhat. The enzyme did, however, have a striking effeet on 
the mechanical properties of the axon as judged from its be- 
haviour during impalement. 

Normally the microelectrode indents the axon which re- 
treats before its advance. The electrode then enters abruptly. 
After chymotrypsin, however, the axon is extremely easily 
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penetrated, the microelectrode entering without any dimp- 
ling of the surface or displacement of the axon. The enzyme 
therefore greatly softens one or more barriers, and does 
so without seriously affecting the transsurface potentials 
or interfering with conduction. 

Frog muscle experiments were confusing. Chymotrypsin 
produced variable injury potentials (table 11), but in no 
case caused twitching or contracture. It was at first thought 


TABLE 11 


Injury potentials produced by chymotrypsin applied to frog muscle 


INJURY POTENTIALS AS % OF ORUSH POTENTIAL 


60 minutes 90 minutes 120 minutes 


24 30 21 
15 45 43 
35 8 

46 41 

48 

16 

I 

72 


In all cases chymotrypsin concentration was 1 mg per milliliter in frog Ringer 
solution. 


that the enzyme, by digesting extracellular connective tissue, 
was making the muscles sensitive to mechanical damage 
so that contact with the wick electrodes could have damaged 
some cells and produced an injury potential. Experiments 
in which the muscles were not moved at all and in which 
the wicks did not touch them directly showed however that 
the enzyme was producing depolarization independently of 
contact with the wicks. Nor was there a significant change 
in pH of the solution. Whether the enzyme acts directly 
on the cell, or produces sonre toxic end product or interferes 
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with supporting tissue and allows mechanical damage is not 
known. The effect is in contrast to the results with the iso- 
lated lobster axon. It would be interesting to try chymo- 
trypsin on isolated muscle cells. 

Red cells also behaved peculiarly with chymotrypsin. Con- 
centrations of 0.5-2.0 mg per milliliter produced no changes 
for about 8 hours. Then the cells began to change color to a 
cocoa brown as if acid haematin were forming. The pH 
of the medium remained unchanged. Following this, lysis 
began, and by 20 hours all cells were destroyed. This is 
certainly not like water, digitonin or lysolecithin haemolysis. 
It seems likely that the enzyme or some degradation product 
slowly entered the cells, produced acid haematin, and this 
then caused lysis. At any rate the phenomenon cannot now 
be attributed to simple destruction of the cell surface by 
chymotrypsin. 

The experiments with muscle and red cells not being easily 
interpretable one can now only conclude that chymotrypsin 
can very much modify surface structure of the isolated lob- 
ster axon without affecting conduction or transsurface poten- 
tials. Given more time it might produce further changes. 
The results may mean that chymotrypsin only digests part 
or parts of the extraaxonal sheath and never gets to the 
axon proper, or that it encounters an impenetrable barrier 
(? lipid) beneath the sheath outside of which there is no 
chymotrypsin sensitive protein critical to the functional in- 
tegrity of the cell. 

DISCUSSION 


The experiments reported represent a step toward pro- 
ducing predetermined chemical changes in certain cells which 
it is hoped can be correlated with detectable functional econ- 
Sequences (as changes in conduction, potentials, impedance 
and ion distribution), and with observable structural changes 
at or near the molecular and colloidal levels (as with the 
electron microscope). Such an approach may yield clearer 
conceptions of the chemical nature and cellular loci of the 
structural systems to which such*terms as ‘‘cell membrane,”? 


ENZYME EFFECTS ON AXONS AND MUSCLE 203 


‘“pump,’’ ‘‘ecarrier,’’ ‘‘high impedance barrier,’’ ete., which 
at present can only be defined functionally, should actually 
be referred. Just as enzymatic cytochemistry has allowed 
cellular localization of certain substances, so enzymatic in- 
terference with function in measurable ways, followed by 
high resolution microscopy, may allow localization of func- 
tion in terms of chemically named, optically identifiable cell 
structures. 

Whether such a plan will bear fruit is, of course, not pre- 
dicted. It is sketched only to indicate one reason why the 
experiments were done. 

One conclusion tentatively to be drawn from the data is 
that lecithin hydrolysis at either the A or the C position 
leads to inexcitability and depolarization. The integrity of 
the lecithin molecule seems indispensible for normal function. 
In the case of A-position cleavage the changes may be due 
to lecithin degradation plus lysolecithin formation. Cleavage 
at the C-position, on the other hand, seems to produce changes 
because of degradation of the molecule alone. 

How such changes in lecithin or how lysolecithin formation 
leads to cellular dysfunction is not yet clear. It may be that 
any extensive disruption of lecithin constitutes a structural 
modification, perhaps mainly at the cell surface, which pro- 
duces leakiness, inability to accumulate or exclude, depolar- 
ization, ete. to an extent with which the cell simply cannot 
cope. Such straightforward mechanical breakdown could be 
produced by either phospholipase used. In addition, with 
phospholipase A lysolecithin might disrupt structures be- 
cause it forms more expanded films than does lecithin. It 
is interesting that as lysolecithin is formed in a lecithin 
monolayer the transsurface potential falls (Hughes, 735). 
It is reported that lysolecithin lysis of human red cells is 
inhibited by cortisone (Zeller, 52), it being suggested that 
the steroid fits into strategic cell surface positions. If so it 
might counteract local expansions in the surface structure 
as could be produced by lysolecithin intrusion, or it might 
compete with lysolecithin for surface loci. Whatever the 
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effect on erythrocytes, however, it has not yet been possible 
similarly to protect the lobster axon. Indeed, cortisone alone 
ean block. 

In addition to the mechanisms enumerated, disruption of 
the lecithin molecule could lead to damage via enzyme dys- 
function. Thus, Cl. welchii lecithinase can destroy muscle 
ATPase activity (Kielley and Meyerhof, ’50), and certain 
of the oxidative enzyme systems are inhibited by lecithinase 
(Nygaard and Sumner, 753; Braganca and Quastel, 53). 
Lecithinase is said also to release free acetylcholine from the 
bound state (Corteggiani and Gautrelet, 39; Braganca and 
Quastel, ’52). 

The decrease in slope of the spike up-stroke suggests that 
sodium entry during activity may be slowed. This could 
result from an abnormal increase of cellular sodium, thus 
reducing the concentration gradient, or from a destruction 
or inactivation of carrier, if such exists. Phospholipid de- 
gradation might allow sodium accumulation through leak- 
iness. In this case earlier measurements of the resting po- 
tential should show a fall. Studies with radioactive sodium 
could also provide the answer. The second possibility would 
imply that a phospholipid such as lecithin might function as 
a carrier. 

The chymotrypsin experiments will, it is hoped, become 
more satisfyingly interpretable if structural correlates are 
unearthed. It hardly seems justifiable to use space to specu- 
late on this matter now, since the combination of a large 
amount of information about chymotrypsin plus a much 
larger amount of ignorance about the molecular organiza- 
tion of the cell make it far too tempting to let such specula- 
tion run on for pages. In addition, most of the possibilities 
at the speculative level are rather obvious. In addition to 
its potential value in such biological problems as the above, 
chymotrypsin may also be useful where it is desirable to 
soften cell surface barriers without interfering with fune- 
tion. One cannot extrapolate too far from the lobster axon, 
but the findings warrant trials with other tissues. 
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SUMMARY AND CONCLUSIONS 


1. Phospholipase A applied to the lobster giant axon pro- 
duces inexcitability and depolarization; applied to the frog 
sartorius muscle it depolarizes and causes contracture. Ly- 
sophosphatide, one of the end products of the action of this 
enzyme, has similar effects. Assuming lecithin to be the main 
substrate, it is concluded that these effects are produced 
either by (a) A-position hydrolysis of lecithin per se, or 
(b) by action of lysolecithin, or (ce) by both. 

2. Phospholipase C applied to the lobster giant axon and 
to the frog sartorius muscle produces the same changes as 
above, and produces visible changes in appearance of the 
axon. No toxic effects were produced by exposure to the 
products of lecithin hydrolysis by this enzyme. It is there- 
fore concluded that cleavage of the lecithin molecule at the 
elyeerol-phosphorie acid linkage can per se lead to depolariza- 
tion and inexcitability. 

3. Neither papain, hyaluronidase, ribonuclease nor col- 
lagenase, in the quantities used had any deleterious effects 
on conduction or on the resting potential. Collagenase may 
potentiate the action of phospholipase C. 

4. Chymotrypsin greatly softens the axon without signi- 
ficantly affecting conduction or transsurface potentials. 
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THE RESPIRATORY FUNCTION OF 
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NINE FIGURES 


The copper containing protein, hemocyanin, is one of a 
small group of substances possessing the property of com- 
bining reversibly with oxygen in such a manner as to be 
capable of releasing its combined oxygen to areas of lower 
oxygen pressures. This blood respiratory pigment is second 
only to hemoglobin in distribution, being found in the deecapod 
crustaceans, xiphosurans, scorpions, possibly certain spiders, 
cephalopods, amphineurans, and many gastropods. Since the 
first observation of Bert (1867) and Frederieq (1878), point- 
ing out the oxygen combining properties of hemocyanin, many 
papers have been published concerning this pigment. These 
reports fall into two principal groups, those concerned with 
general physical and chemical properties of hemocyanin, and 
those concerned specifically with its oxygen carrying abilities. 
Little will be said here of the first group. Suffice it to say 
that a great deal of information has been compiled concerning 
molecular weight and dimensions, solubility, isoelectric point, 
viscosity, crystallization, index of refraction, absorption and 
scattering of light, chemical composition, and reaction with 
various reagents. This information is summarized in reviews 
by Quagliariello (’23) and Redfield (734). 

Despite an equally large mass of data describing oxygen 
dissociation curves and oxygen capacities, still relatively little 
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is known of the oxygen transporting activities of hemocyanin 
within the living animal. Questions such as the following are 
largely unanswered. Does hemocyanin serve as a normal 
carrier of oxygen, or it is brought into function only under 
periods of great physical activity or low external oxygen? Is 
the hemocyanin of primary importance as an oxygen carrier, 
or does it simply supplement the oxygen carried in physical 
solution? What part does carbon dioxide play in influencing 
the combination and release of oxygen by hemocyanin? Only 
for the cephalopods and one gastropod has the respiratory 
role of hemocyanin been established. 

Bert’s observation of the color change of the blood, from 
colorless to blue, as it passed through the gills of the cuttle- 
fish, Sepia officinalis, was the first demonstration that hemo- 
cyanin served as a respiratory pigment. Winterstein (’09), 
investigating Octopus vulgaris, gave a quantitative proof of 
this fact by analyzing the arterial and venous blood for 
oxygen content. He found that the pigment became nearly 
saturated in the gills and gave up about 90% of its combined 
oxygen to the tissues. Redfield and Goodkind (’29), working 
with the squid, Loligo peal, reported a similar situation, but 
in addition, showed that squid hemocyanin was so sensitive to 
pH change that carbon dioxide differences between the gills 
and tissues caused the release of one-third of the total oxygen 
delivered to the tissues. The hemocyanin of the squid and 
octopus differ greatly, however, in the oxygen pressures 
required to load the pigment. That of the squid does not 
become 95% saturated until the oxygen tension in the blood 
reaches 100mm., while that of the octopus becomes 95% 
saturated at 7 mm. 

Gas analysis of the blood of the marine snail, Busycon 
canaliculatum, indicated that the hemocyanin became 95% 
saturated in the gills and returned from the tissues about 
20% saturated (Florkin, ’49). A total of 1.2 vol.% was 
exchanged. Completely unlike the cephalopods, Busycon blood 
binds oxygen more tightly when the carbon dioxide tension 
is increased (Redfield, Coolidge and Hurd, 26). 


FUNCTION OF HEMOCYANIN P| 


No comparable studies exist for any of the arthropods. 
Most hemocyanin possessing species are of a relatively slug- 
gish nature and have blood of low oxygen capacity (usually 
under 2.5 vol.%). This, together with the fact that a few sam- 
ples of blood taken directly from Limulus polyphemus (Red- 
field, Coolidge and Hurd, ’26) and the crab, Maia squinado 
(Winterstein, ’09), contained less oxygen than the surrounding 
sea water, has led certain authors to question the respiratory 
significance of hemocyanin in these and similar forms (Als- 
berg and Clark, ’10; Maloeuf, ’37b). The present paper will 
show that the hemocyanin of decapod crustacea and, by 
inference, that of Limulus, although not becoming saturated 
with oxygen during passage through the gills, is of primary 
importance, being responsible for 80 to 95% of the oxygen 
transported to the tissues. 


MATERIALS AND METHODS 
Experimental anmals 


The spiny lobster, Panulirus interruptus (Randall), and the 
sheep crab, Loxorhynchus grandis Stimpson, were selected 
for this study because of their large size and availability. 
With the exception of a few specimens of Panulirus which 
were purchased from commercial fishermen, the animals were 
collected by shallow water diving techniques. This more or 
less assured that the animals were in good condition and well 
fed. The latter is important because during starvation there 
is a marked drop of the hemocyanin in the blood (Redfield, 
Coolidge, and Hurd, ’26; Alsberg, ’14) which lkely would 
have influenced oxygen levels in the blood. The animals were 
maintained in tanks of well aerated, cooled sea water, and 
were normally used within one week of capture. 

A few eastern lobsters, Homarus americanus Milne-Kd- 
wards, were included in the study. These were shipped 
from the East coast after an unknown period of captivity, 
and were kept in aquaria here for three weeks before being 
used. It is believed that this resulted in a lowered hemocyanin 
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level, and a lowered metabolism. Therefore the oxygen capaci- 
ties and pre- and post-branchial oxygen differences measured 
are probably lower than normal. 

Pachygrapsus crassipes Randall was chosen as a represent- 
ative of the smaller decapods. 


Preparation of blood 


Blood for the determination of oxygen dissociation curves 
or spectral absorption curves was obtained from Panulirus 
and Homarus by cutting into the abdominal sinus at the base 
of the abdomen. Blood was withdrawn from Loxorhynchus by 
means of 10 ce hypodermic syringes inserted into the base of 
a walking leg. Ideally the blood should have been used without 
treating it in any manner but this was not usually possible. 

The blood of Panulirus clots very rapidly into a firm gel. 
This clot was squeezed through close woven muslin cloth until 
all the fluid of the clot had been expressed. About 95% of 
the original clot will liquefy and pass through, leaving behind 
a reddish fibrous material. Oxygen capacities were determined 
upon this ‘‘serum.’’ If it was to be used for the determination 
of spectral absorption curves or oxygen dissociation curves, 
the serum was filtered. 

Homarus blood, which forms a much softer gel on clotting, 
was treated in the same way. 

The blood of Loxvorhynchus does not really clot, but protein 
fibers form a loose floating mass in the blood. This was 
filtered out for speetrophotometrie work. 

Kixcept for those experiments showing the effect of dilution 
and changing pH upon the oxygen dissociation curve, only 
fresh blood, treated in the preceding manner, was used. 


Spectral absorption curves 


Spectral absorption curves were determined by means of 
a Coleman Universal Spectrophotometer, Model 14. Adapters 
| were made so that 1 x 7.5 em cuvettes could be used. The 
absorption of the blood was determined by comparing an 


FUNCTION OF HEMOCYANIN DAS 


oxygenated sample with a ‘‘blank’’ of the same blood, to 
which had been added a small pinch of sodium hydrosulfite. 
The sodium hydrosulfite completely deoxygenates the hemo- 
cyanin but has no other apparent effect. In this way substances 
other than oxyhemocyanin cancel each other so that the 
resulting absorption curve is due to the oxyhemocyanin alone. 

Current was supplied to the spectrophotometer through a 
constant voltage transformer. 


Oxygen dissociation curves 


Oxygen dissociation curves were obtained by a spectrophoto- 
metric method, combining techniques described by Hogben 
and Pinhey (’27) and Redfield (’30b). This method is based 
upon the inverse, linear relationship between the percent 
saturation of hemocyanin and the transmission of light of the 
wavelength of peak absorption. 

The apparatus consisted of the following. A rotary vacuum 
pump was connected to a mercury manometer, with a 101 
jar in series between. A side connection, between jar and 
manometer, led to a two foot length of rubber pressure 
tubing. Stopcocks were placed between jar and pump, jar 
and outside, and at the junction leading to the pressure 
tubing. Three cubic centimeters of blood were placed in a 
1 < 7.5 ecm cuvette which was attached to the pressure tubing 
by a right angled glass tube. The cuvette could be placed 
in the Coleman spectrophotometer without removing it from 
the tubing. 

The vacuum pump was used to reduce the pressure in the 
system by steps. At each pressure, the tube of blood was 
gently shaken until equilibration was reached. This was 
indicated by a constant reading of the spectral transmission. 
With the transmission known at saturation, at various pres- 
sures, and at complete deoxygenation (by the addition of a 
pinch of sodium hydrosulfite), the oxygen dissociation curve 
can be drawn. In a few cases, at low pH, saturation did not 
occur at atmospheric pressure, in which case maximum ab- 
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sorption was assumed to be the same as that of another sample 
of the blood at more neutral values. The oxygen tension at 
each pressure was determined by substracting the appropriate 
vapor tension of water from the internal pressure, and 
multiplying the result by .2093 (the fraction of oxygen in dry 
air). 

ne shaking of the tube must be done gently, otherwise thin 
protein fibers precipitate out. In some cases appreciable 
cloudiness resulted, making it necessary to discard the results 
of those particular runs. This difficulty was greatly increased 
when the pH of the blood was lowered. In the latter situation 
the problem was overcome by first evacuating the blood and 
letting it equilibrate for an hour without shaking. A reading 
of the transmission was then taken, following which, the 
pressure was increased stepwise. Equilibration occurred more 
rapidly to increased than to decreased oxygen so that less 
shaking was necessary, with consequently less precipitation. 

Temperature was controlled by shaking the tube in a water 
bath. A Schultheiss thermometer inserted through a second 
hole in the cuvette stopper recorded blood temperature. A 
single reading of the spectrophotometer required only a few 
seconds, so that blood temperatures could not change sig- 
nificantly while readings were being taken. At low tem- 
peratures (10° and 15°) condensation on the cuvette inter- 
fered with light transmission. This was corrected by Red- 
field’s method of dipping the cuvette into cold alcohol just 
before placing it in the spectrophotometer. 

The pH of blood samples was measured with a Model G 
Beckman pH meter. 


Oxygen and carbon dioxide content of blood samples 


In order to determine the extent of gas exchange in the 
gills and tissues, it was necessary to obtain samples of blood 
immediately before and after passage through the gills. 
Pre-branchial samples were taken from the lobsters at the 
cephalic end of the abdominal sinus, near its ventral junction 
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with the thoracic sinus, and from the thoracic sinus of the 
sheep crab. All post-branchial samples were removed from the 
pericardium. No mixing appears to occur between oxygenated 
a deoxygenated blood (Pearson, 08; Burger and Smythe, 

Samples were taken in the following way. The animal was 
removed from its aquarium and placed on a table. A small 
electric drill was used to cut a 2mm hole through the carapace 
over the heart, or into the abdominal or thoracic sinus. 
(Hntering the pericardium in this way proved better than 
pushing a hypodermic needle through the thin tissue between 
the dorsal carapace and abdomen. Entry through the latter 
usually introduced air bubbles into the pericardium.) <A 2 ce 
syringe with a blunted No. 19 needle, with the dead space 
filled with sea water, was inserted into the hole and a bit of 
blood was drawn into the syringe and flushed out. About 
1.5 ec of blood was then drawn in. The syringe was sealed 
by sticking the needle into a rubber eraser, and was then 
dropped into an ice bath. A bit of gel foam was slipped into 
the puncture to reduce bleeding. The animal was then turned 
over and the second sample removed as quickly as possible. 
Any sample into which air bubbles entered was discarded. 
A final sample of several cubic centimeters, to be used in 
the oxygen capacitiy determination, was withdrawn into a 
10 ee syringe. 

The ice bath prevented any appreciable loss of oxygen 
while the sample was awaiting analysis, and slowed the clot- 
ting of Panulirus and Homarus blood so that the blood could 
be run from the syringe into the Van Slyke apparatus. 

Duplicate samples were not drawn from each puncture 
because of the additional time thus required before sampling 
the other circulation, and because the increased loss of blood, 
due to the extra sample and increased bleeding, reduced the 
blood pressure, making the drawing of the next sample 
difficult or impossible. 

Gas analyses were carried out in a Van Slyke apparatus 
of the constant volume type. Immediately following the with- 
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drawal of blood, 1 ce of one sample was introduced into the 
evacuation chamber directly from the syringe. This was 
accomplished by running the blood out through a three inch 
No. 16 hypodermic needle which had cemented to its tip a 
rubber nipple designed to fit over the stopcock entrance to 
the chamber. Previous to the introduction of the blood, 2.5 ce 
of 5% potassium cyanide and 0.2 ce of caprylic alcohol, both 
free of dissolved gases, were placed in the evacuation chamber. 

The potassium cyanide freed the oxygen of the hemocyanin 
and the analysis proceeded in the usual fashion (Consolazio 
et al., ’51). This procedure, of course, did not free the carbon 
dioxide of the blood, so that separate analyses of blood 
samples from other specimens, using 10% lactie acid instead 
of potassium cyanide, were necessary for its determination. 

The second sample was run immediately after the first, 
but of necessity was in the ice bath for 15-20 minutes. Alter- 
nating the sequence of sampling and of analysis, however, 
produced no noticeable effect upon the results. 

Following the analysis of the pre- and post-branchial blood 
samples, the final sample taken from the animal was equi- 
librated with air, at room temperature, for one hour, and the 
oxygen content of 1 ce determined. 


RESULTS 
Spectral absorption of oxyhemocyanin 


The spectral absorption of the oxyhemocyanin of Panulirus 
and Loworhynchus is shown in figures 1 and 2. The region 
of maximum absorption of Panulirus blood falls at about 
598 mu. This is the same figure reported by Rawlinson (’40) 
for a closely related European genus, Palinurus vulgaris. The 
peak absorption for Loxorhynchus lies at about 570 mu. 

The apparent difference in the sharpness of the absorption 
peaks is due primarily to the greater concentration of hemo- 
cyanin in the sample of Panulirus blood, and to a slight 
degree to a different sensitivity setting of the spetrophoto- 
meter for the two runs. 
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The spectral absorption of the oxyhemoeyanin of Loxorhynchus grandis. 
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The figure for the peak absorption of Homarus blood (570 
mu) was taken from the literature (Redfield, 30a). 


Oxygen dissociation curves 


The first dissociation curves obtained exhibited some vari- 
ation in shape and position. This variation was thought to 
be normal or due to experimental error, however, continued 
measurements indicated that the behavior of the pigment was 
influenced by dilution or storage of the blood. Figure 3 shows 
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Fig. 3 The effect of various substances upon the oxygen dissociation curve of 
the hemocyanin of Panulirus interruptus. Buffer solutions are standard. NaHCO, 
is .02 molar. Dilutions are 1:3. 


the effect of various dilutants upon the oxygen dissociation 
curve of Panulirus. It is interesting to note that a perfusion 
fluid, based upon an analysis of Panulirus blood (Schlatter, 
’41) produced more change than any but the bicarbonate 
buffer. The pH differences indicated on the figure are not 
great enough to account for the discrepancies (see fig. 5 and 
discussion of Bohr effect). 

Blood kept frozen for more than a few days had a tendency 
to shift its dissociation curve to the right. Coincident with this, 
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the pH of stored blood would slowly decrease. This shift in 
pH, since it was as much as 0.5 unit, undoubtedly accounted for 
part of the change in position of the curve. 

Because of these effects, unless otherwise stated, fresh 
undiluted blood was used for all succeeding experiments. 
When it was necessary to change the pH of the blood, borate 
buffer was used. Of the substances tested, this material af- 
fected the dissociation curve least. At normal blood acidity, 
where the effect could be measured, the half saturation tension 
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Fig. 4 The effect of temperature on the oxygen dissociation curve of the hemo- 
eyanin of Panulirus interruptus (pH 7.53). 


was increased by about one millimeter partial pressure of 
oxygen, when one part buffer was added to three parts blood. 
Fresh, undiluted blood usually reproduced curves differing 
by 0.5mm., or less, at the half-saturation point. 

Figure 4 shows the effect of temperature upon the oxygen 
dissociation curve of Panulirus. As with most other hemo- 
cyanins, decreasing the temperature causes the curve to 
become less and less sigmoid and shifts it to the left. The 
temperature to which Panulirus is normally exposed ranges 
from about 10° to a maximum of about 20°. Taking the 15° 
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curve as representative, it may be seen that the pigment 
is 95% saturated at a tension of 25mm, and half-saturated at 
6.5 mm. 

Loxorhynchus hemocyanin is much more sensitive to tem- 
perature change. Figure 5 compares the half-saturation 
pressures of Panulirus and Loxorhynchus hemocyanin at 
different temperatures. At 16° half-saturation values for the 
two animals coincide, but at 25° the hemocyanin of Panulirus 
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Fig. 5 Comparison of the temperature sensitivity of the hemocyanin of Panu- 
lirus interruptus (pH 7.53) and Loxorhynchus grandis (pH 7.52). 


becomes half loaded at 14mm oxygen, while that of Low- 
orhynchus does not become 50% saturated until the oxygen 
pressure reaches 27 mm. It may be significant that the values 
are most similar in the environmental temperature range, 
which is about the same for the two species. This difference 
in temperature sensitivity is possibly related to the observa- 
tion that Panulirus survives for a considerably longer time 
than Loxorhynchus, when both are kept in water warmer than 
16-17°. At lower temperatures both animals survive equally 
well. 
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A series of curves was determined for Panulirus blood at 
varying temperatures and acidities. The half-saturation va- 
lues of these curves (table 1) are incorporated into figure 
6. This graph demonstrates the interaction between tem- 
perature and pH on the loading of the hemocyanin. 
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Fig. 6 The effect of temperature and pH on the half-saturation pressure of 
the hemocyanin of Panulirus interruptus. Drawn from values given in table 1. 
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In order that the data relating to pH may have more 
meaning, the relationship between carbon dioxide partial 
pressure and the pH of Panulirus blood was estimated. Five 
samples of blood, of three cubic centimeters each, were 


TABLE 1 


Oxygen tension at half saturation for the hemocyanin of Panulirus interruptus 
at various temperatures and acidities 


10 TBS) 4.8 22 7.00 2B} 
10 7.60 5 22 6.52 a= 
10 6.80 pay 22.6 TOL 14? 
15 7.53 6.3 23.5 Weld MGs 
15 7.05 10.6 * 24 7.57 13 

iy 8.35 Teo 24 8.50 8.0 * 
bff 6.80 16? 24 7.82 105 
20 7.53 9.2 24 7.15 URE 
20 7.05 aig 25 (hay) 14.2 
22 7.50 AI 


* Diluted with borate buffer (1:3) to the desired pH. 
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Fig. 7 Relationship between carbon dioxide tension and pH in the blood of 


one specimen of Panulirus interruptus. Temperature 23°, oxygen capacity of the 
blood 2.5 vol. %. : 
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equilibrated for one hour with gas mixtures of 20% oxygen 
and varying carbon dioxide, with nitrogen added to bring 
the mixture to atmospheric pressure. Figure 7 presents the 
results. Hight millimeters pressure of carbon dioxide repre- 
sents a change of roughly 0.1 pH unit as compared with 1.1 
units for sea water (Harvey, ’28) and .06 unit for human 
blood (Davenport, 50). This relationship must be considered 
only very approximate since hemocyanin is chiefly responsible 
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Fig. 8 Comparison of the oxygen dissociation curves of JZomarus americanus 
and Loxorhynchus grandis at 25° and 0mm CO.. 


for blood buffering and the quantity of this protein in the 
blood varies considerably from individual to individual. 

Figure 8 shows the oxygen dissociation curves of Lowvor- 
hynchus and Homarus. 


Oxygen content of the blood 


The pre- and post-branchial oxygen content of blood sam- 
ples, and the total oxygen capacity of the blood were measured 
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directly. The oxygen capacity of the hemocyanin of a sample 
was arrived at by subtracting 90% of the quantity of oxygen 
that would dissolve in the same volume of sea water at the 
temperature at which the blood was equilibrated, from the 
amount of oxygen picked up by the blood when equilibrated 
with air (Redfield, Coolidge, and Hurd, ’26). The percent 
saturation of the pre- and post-branchial hemocyanin was 
obtained by trial addition of the oxygen solubility curve to the 
oxygen dissociation curve until the sum equalled the quantity 
of oxygen presented as determined by analysis. 

From these values, and the oxygen dissociation curve, the 
oxygen tensions in the blood may be calculated. The results of 
these calculations are presented in table 2. 

Certain generalizations may be drawn from this table. 
(1) In no instance does the hemocyanin im vivo become 
saturated. (2) The quantity of oxygen liberated in the tissues 
by 100 ce blood is very small. (3) Practically all oxygen 
exchange is accounted for by the blood pigment. (4) The 
oxygen tension in both pre- and post-branchial circulations is 
very low. (5) The amount of oxygen carried in physical 
solution is nearly negligible, although, due to the small total 
exchange, in the case of Loxorhynchus it may contribute as 
much as 20% of the oxygen used. (6) The amount of hemo- 
cyanin per unit volume of Panulirus blood, as indicated by 
the oxygen capacities, varies greatly. With one exception, 
however, the blood of the specimens of Loxorhynchus included 
in the table contain relatively uniform quantities of hemo- 
ceyanin. This is probably merely fortuitous since other spec- 
imens of Loxorhynchus, wpon which only oxygen capacity 
was determined, gave capacities varying from .78 to 1.61 
vol.% oxygen. 

All of the blood samples were extracted from the animals 
after they had been removed from the water. It is possible that 
this may somehow have interfered with the aeration of the 
gills, or have depressed circulation, in such a way as to alter 
the amount of oxygen in the blood from a normal value. 
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To investigate this possibility, the following experiment was 
done. 

The water of a tank containing a specimen of Loxorhynchus 
was drained until the surface of the water was 2cm above 
the carapace of the crab. The crab was held in place and a 
small hole drilled into the pericardium. A 1.5 ce sample was 
withdrawn into a syringe, without allowing sea water to 
enter the pericardium, and the hole was stopped by a small 
piece of cork. The sample was immediately analysed for 
oxygen. Twenty-five minutes after the first sampling, the 
animal was taken from the water and a second sample removed 
from the pericardium, in the usual way, and analysed. During 
the 25 minute interval the crab had shown no signs of abnormal 
behavior. Sample one contained 0.53 vol.% oxygen; sample 
two 0.49 vol.% oxygen. The difference of 0.04 vol.% is within 
the estimated experimental error, and is believed not to 
be significant. 

As a check on the accuracy of the Van Slyke oxygen 
analyses, 4 samples of sea water were equilibrated with air 
and their oxygen contents determined. The analyses were 
carried out in exactly the same manner as for the blood 
samples, with sea water substituting for blood. The average 
error was + 0.023 vol.%. The greatest error, + 0.05 vol.%. 
This is probably somewhat better accuracy than that obtained 
with air-equilibrated blood. The latter formed rather gummy 
masses in the evacuation chamber and probably trapped small 
bubbles of gas. In the case of blood samples taken directly 
from the animals, especially from the abdominal or thoracic 
sinus, the small volume of gas present would tend to decrease 
the errors of measurement. 


pH of the blood 


The pH of freshly drawn Panulirus blood was measured 
(a) in order to establish the physiological position of the 
oxygen dissociation curve and (b) to determine the difference 
in acidity between the pre- and post-branchial blood, and its 
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role in the loading and unloading of oxygen. The measure- 
ments established the pH of the blood to be in the vicinity of 
7.02 (7.51-7.53 for post-branchial blood), but the difference 
in acidity between the oxygenated and unoxygenated blood 
was so slight that its direct measurement with the pH meter 
was not considered satisfactory. No difference greater than 
0.02 units was found. These measurements were made at 23°, 
while the animal had been living at 15°. Lacking the proper 
constants, no temperature correction was applied. Such a 
correction would probably be of the order of + 0.1 pH unit. 


TABLE 3 


Carbon dioxide content of pre- and post-branchial blood 


VOL. % COs 
SPECIES 

Ai Ne V-A 
Panulirus 10.17 10.95 0.78 
interruptus 12.30 12.51 0.21 
oi) 8.39 0.60 
Loxorhynchus 20.52 20.63 0.11 
grandis 16.18 16,32 0.14 
19,10 19.40 0.30 
Homarus 5.19 6.04 0.85 


americanus 


1 Post-branchial blood (A). 
* Pre-branchial blood (V). 


Similar results are obtained when the pH differences are 
calculated by means of the Henderson-Hasselbalch equation: 
pH = pK? + log(BHCO,) /(CO,) 

Free CO, = 100(absorption coefficient) (mm, CO.) /760 
Combined CO, = (BHCO;) = Total CO,-Free CO, 
It is not necessary to know the exact value of pk’. Pre- and 
post-branchial carbon dioxide differences were analysed di- 
rectly (table 3), but the great solubility of this gas and the 
large quantities released by the blood combined to produce 
a rather large error of measurement. It was decided, there- 
fore, to use the average of the analyses as a measure of 
total carbon dioxide, and to calculate the pre- and post- 
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branchial differences from the oxygen differences using 0.8 
as a typical figure for the R.Q. (Needham, 742; Bliss, 53). 
Carbon dioxide tensions were read from a carbon dioxide 
dissociation curve published by Parsons and Parsons (’23), 
for Palinurus. Curves for Octopus and Maia by the same 
authors, and for Limulus by Redfield, Coolidge, and Hurd 
(°29), are all fairly similar at low tensions, so that the use 
of this curve seems justified. Figures for the absorption co- 
efficient of carbon dioxide in sea water were taken from 
Sverdrup, Johnson, and Fleming (742). 

Table 4 summarizes the results. Maximum, minimum, and 
average examples are included. Round figures are used for 
the pre-branchial carbon dioxide content since there is con- 
siderable variation from animal to animal. Panulirus No. 8 
may be taken as typical for this species and indicates that 
a 0.02 pH difference between oxygenated and deoxygenated 
blood, as estimated above, is probably representative. The 
greatest pH shift, 0.04 unit, was obtained with a maximal 
carbon dioxide difference. 

Similar calculations for Loxorhynchus and Homarus 
yielded, respectively, figures 0.01 and 0.03. The Homarus 
figure is based upon only one analysis of total carbon dioxide. 


Qualitative observations on a small crab 


The three species used so far in this study are, as crus- 
taceans go, extremely large. It was considered possible that 
small decapods, possibly having more gill surface per unit 
body weight, could carry enough oxygen in physical solution 
to satisfy their normal needs. The hemocyanin, in such a 
situation, would not be of respiratory significance and the 
pre- and post-branchial blood samples would not show a color 
difference. If a sufficient difference exists in the oxygenation 
of the hemocyanin, the post-branchial blood, having a higher 
percentage of oxyhemocyanin, would appear darker and more 
blue unless the level of carotinoid pigments in the blood were 
high enough to obscure the difference. 
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Five specimens of Pachygrapsis crassipes, an active inter- 
tidal grapsoid crab which is found most commonly at low 
tide running about out of water, were caught and sampled 
in the field. All were between 3 and 3.5 cm across the carapace. 
Several pieces of thick-walled capillary tubing, of 1.3mm 
inside diameter, were pulled out until the tip tapered to an 
outside diameter of about 1.0mm. A pre-brachial sample was 
taken by inserting a capillary into the junction of the thoracic 
and abdominal sinuses at the ventral base of the abdomen. 
By means of rubber tubing, a slight suction was applied to the 
capillary and about 3em (20+ cubic mm) of blood were 
drawn gently into the tube. A second sample was immediately 
taken from the pericardium by slipping another capillary into 
the dorsal junction of the carapace and abdomen. The color 
of the two blood samples was then compared in an untapered 
region of the capillary tube. Two male and two female crabs 
were successfully sampled. In each ease, the pericardial blood 
was bluer. The pre-branchial blood appeared pink or bluish- 
pink. It may be concluded, therefore, that the hemocyanin 
of Pachygrapsis is involved in the normal respiratory ex- 
change of oxygen. 


Oxygen content of sea water 


All laboratory specimens were maintained in well aerated 
sea water. While it is usually assumed that shallow sea 
water is nearly in equilibrium with air, actual figures are not 
often quoted. To determine whether the laboratory and 
natural situations were comparable, water samples were taken, 
by diving, from two bottom areas in which Panulirus and 
Loxorhynchus occur. One area was very rocky, with much 
vegetation. The other had a sandy bottom with an occasional 
low rocky protuberance. Both regions were about 15 feet 
in depth. 

Winkler analysis of the water samples showed the water 
from the rocky and sandy areas to contain 0.483 vol.% and 
0.499 vol.% oxygen, respectively. These figures correspond to 
oxygen tensions of 131 mm and 135 mm. 
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DISCUSSION 
Oxygen dissociation curves 


The literature dealing with oxygen dissociation curves of 
crustacean hemocyanin is plentiful but rather confusing. Very 
few experiments were done under conditions which would 
yield results describing physiological conditions. The hemo- 
cyanin, in most cases, was subjected to dialysis or to dilution 
with various reagents, or the pH was not noted. That such 
manipulations exert a profound effect upon the dissociation 
curve is well established. 

Pantin and Hogben (’25) noted that Palinurus blood stored 
overnight underwent a decrease in pH and shifted its dis- 
sociation curve to the right. Hogben (’26) found the half- 
saturation values for Homarus to be decreased or increased 
when the blood was diluted with an equal volume of two 
molar salt solutions (Li, Na, K) or with distilled water, 
respectively. The same was found to be true for the crab 
Maa, but Limulus hemocyanin behaved in an opposite man- 
ner, moving its dissociation curve to the left when diluted with 
distilled water, and to the right when diluted with hypertonic 
salt solutions (Hogben and Pinhey, ’27). Stedman and Sted- 
man (°25, ’26a, b) published curves for dialyzed and untreated 
sera of Cancer pagurus and Homarus vulgaris. In both cases, 
the dialyzed blood exhibited curves far to the right of the 
untreated blood. Redfield and Ingalls (’33) found the dissocia- 
tion curve of the squid to have a different shape and position 
when the blood was diluted with phosphate buffer or sea 
water. 

These observations have contributed much toward describ- 
ing the properties of hemocyanin, but leave considerable 
doubt as to what is the ‘‘normal’’ position of the oxygen 
dissociation curve. Comparisons of the results of different 
workers are very difficult to make. In only a few instances 
have oxygen dissociation curves been obtained under condi- 
tions comparable to those of the present study. 


232 JAMES R. REDMOND 


Redfield, Coolidge, and Hurd (’26) found the oxygen tension 
for half-saturation of hemocyanin from Cancer boreals, 
Cancer irroratus, and Callinectes sapidus, at 23°, to be about 
12mm oxygen. Pantin and Hogben (’25) reported the blood 
of Palinurus sp. became half-saturated at pressures of 4 and 
19 mm, at 18.5°, when the pH of the blood was adjusted with 
a few drops of borate buffer to 7.9 and 7.0, respectively. 
Stedman and Stedman (’25) found that Maia squinado, Pal- 
imurus vulgaris, Homarus vulgaris, and Cancer pagurus all 
had half-saturation values, at 15°, of 14 mm pressure. 

The half-saturation found for Panulirus interruptus (14 mm 
at 25° and pH 7.53) in the present study agrees well with the 
results of Redfield et al. and Pantin and Hogben, when the 
latter are corrected for pH. The Stedmans’ curves all le 
farther to the right. Their results would be easier to interpret 
had they recorded the pH of their blood samples. 

The oxygen dissociation curves of Loxorhynchus grandis 
and Homarus americanus, determined at 25°, each had a half- 
saturation of about 27mm. This is nearly twice that of 
Panulirus, yet at 15°, Loxorhynchus hemocyanin became half- 
saturated at about the same oxygen tension as that of Panu- 
lirus. 

In general, it appears that many of the oxygen dissociation 
curves published for crustacean hemocyanin, due to dilution 
or mixture with hypotonic salts or buffers, lie to the right 
of the physiological position. In cases where such manipula- 
tions have been avoided, or kept to a minimum, the half- 
saturation pressures, at 15° and normal blood pH, fall between 
5 and 15mm oxygen. Information obtained in the present 
study would suggest that, while interspecific differences exist, 
the lower value seems more correct. This range includes two 
non-crustacean hemocyanins as well: the snail, Helix pomatia, 
7mm (Wolvekamp and Kersten, ’34); and Limulus, 10 mm 
(Redfield and Ingalls, ’33). Even lower figures are recorded 
for Octopus: 3mm at 25° (Wolvekamp, ’38), and for the 
snail, Busycon: 6mm at 23° (Redfield and Ingalls, 732). 
Only the squid, Loligo, with half-saturation occurring at 36 
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mm of oxygen, at 23°, appears to differ greatly (Redfield, 
Coolidge, and Hurd, 726). 

The half-saturation pressures of the hemoglobins of aqua- 
tic vertebrates fall generally within the same range (5-25 
mm) (Prosser et al. ’50). 


Effect of pH on the oxygen dissociation curve 


The dissociation curve of crustacean hemocyanin, in all 
cases studied, is shifted to the right by increased acidity down 
to about pH 6.5, beyond which the curve moves back toward 


the left. Systematic investigations of the extent of such shifts _ 


are relatively few. Comparison of the results of such investi- 
gations (Stedman and Stedman, ’26a, b; Redfield and Ingalls, 
33) with those obtained here for Panulirus, and with half- 
saturation values listed in the preceding section of the 
discussion, indicate that the effects of changing pH have been 
exaggerated by the treatment of the hemocyanin. The very 
presence of a buffer, or the lack of salt due to dialysis, is 
responsible for a large part of the shift. It is hoped that these 
effects have been minimized in the present investigation. 
The borate buffer used in changing the pH of Panulirus blood 
has only a slight effect at normal blood pH. Whether this is 
so at other acidities is not known. It appears in general that 
the pH effect shown by crustacean hemocyanin is similar 
to that in most hemoglobins, being intermediate in extent 
between that of man and fast swimming pelagic fish. 


Effect of temperature on the oxygen dissociation curve 


Usually, only carbon dioxide is discussed as a factor which \ 
may shift the oxygen dissociation curve in the living animal. 
Measurements upon Panulirus and Loxorhynchus indicate 
that environmental temperature fluctuations may be much 
more important. During the course of a year, the water tem- 
perature, in which these two species occur, changes from about 
10° in the winter (during which both forms move to deep 
water), to a high of 20° in the shallow water during summer. 
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As a result, the half-saturation pressure of Panulirus hemo- 
eyanin shifts from 5mm to 10mm oxygen. Loxorhynchus is 
even more sensitive, shifting from 5mm to 15mm oxygen as 
the temperature rises from 15° to 20°. (The possibility of 
seasonal shifts in the dissociation curve like that reported for 
experimentally acclimated frogs (Kirberger, 753) has not 
been investigated. ) 

The extent of these temperature effects seem representative 
of hemocyanin in general. The curve of half-saturation vs. 
temperature for Panulirus hemocyanin falls in about the same 
position as that for Helix (Wolvekamp and Kersten, 734) 
and Limulus (Redfield and Ingalls, ’33). The Loxorhynchus 
curve lies roughly parallel to that of Loligo, although the 
latter has consistently higher half-saturation values (Redfield 
and Ingalls, ’33). No really comparable data exist for other 
crustacea. 

The degree to which temperature will effect the oxygen 
dissociation curve depends, among other things, upon the pH 
of the blood. The interaction of these two factors points out 
the necessity of maintaining all but one variable at physio- 
logical levels when attemting to determine the effects of that 
variable. Figure 6 shows that at low temperatures or high 
pH, the effects of changing the other variable are greatly 
reduced. At high temperatures or low pH, such effects are 
exaggerated. 


Oxygen exchange 


Direct analysis of the oxygen content of the blood just 
before and after it passed through the gills showed that the 
hemocyanin was never completely loaded with oxygen. Even 
in the immediate post-branchial circulations of Panulirus and 
Homarus, the pigment averaged only about 50% saturated. 
This is not a surprising result in view of the common observa- 
tion that blood taken from decapod crustacea always becomes 
considerably bluer upon exposure to air. The average quantity 
of oxygen given up to the tissues by 100 ce of Panulirus blood 
was only 0.46 ce and was even less for the other two species 
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investigated. This is about the amount of oxygen that could 
be physically dissolved in the blood. Why, then, should a 
respiratory pigment be necessary? 

The unsaturated condition of the pigment tells the story. 
The oxygen tension in the pericardium, into which the blood 
flows from the gills, is only 7mm, despite the fact that the 
oxygen tension in the surrounding water is well over 100 mm. 
This means that the amount of oxygen in physical solution 
is very slight, being only 0.03 ce per 100 ce of blood. At the 
same time, the respiratory pigment has picked up, on an aver- 
age, about 0.77 ce per 100 ce of blood. The importance of the 
pigment becomes obvious; it is carrying 26 times as much 
oxygen as is in solution. 

Usually, comparison has been made between the oxygen 
capacity of the blood and that of sea water, when both have 
been equilibrated with air. Such comparisons, because of 
the low oxygen capacity of most hemocyanin-containing bloods, 
give the false impression that the pigment may only double 
or quadruple the effectiveness of the blood as an oxygen 
transporter. It was this false impression, and failure to 
realize the significance of the unsaturated condition of the 
pigment that has lead to uncertainty concerning the respira- 
tory significance of hemocyanin. 

These observations may be extended to forms in which 
no pre- and post-branchial oxygen differences have been meas- 
ured. Limulus hemocyanin has a half-saturation value of 
about 11mm oxygen (Redfield, ’80a). Its blood, when drawn 
from the heart, becomes bluer when exposed to the air 
(Redfield, Coolidge, and Hurd, ’26). Therefore, it follows 
that post-branchial oxygen tension is very low, which in turn 
indicates that the hemocyanin must be responsible for prac- 
tically all oxygen exchange. 

It has been suggested (Redfield, Coolidge and Hurd, ’26) 
that the oxygen dissociation curves of the hemocyanin of 
decapod crustacea and Limulus, falling in the low tension 
range, indicate that the hemocyanin, like the hemoglobin of 
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certain invertebrates (Fox, 40; Ewer, ’42; Walshe, ’50), may 
function especially under conditions of low external oxygen. 
While the properties of the pigment would admit its function- 
ing in this manner, it is obvious that it cannot actually do 
so. The diffusion of oxygen through the gill of the decapod 
crustacea (and Limulus) appears to occur rather slowly. This 
is evidenced by the unsaturated condition of the hemocyanin 
of animals kept in well aerated water. In the event that 
external oxygen is decreased, less oxygen would enter the 
gills per unit time, the percent saturation of the hemocyanin 
would be reduced, and less oxygen would be available to 
the tissues. The position of the oxygen dissociation curve 
of these animals could be said, then, to represent an adapta- 
tion, not to external, but to low internal oxygen tensions. 
More will be said of this in the section dealing with critical 
oxygen tensions. 

Table 5 summarizes the oxygen levels in the pre- and 
post-branchial blood for all hemocyanin bearing animals that 
have been suitably investigated. The crustacea differ from 
the others primarily in the lower percentage of hemocyanin 
that becomes loaded in the gills and, associated with this, 
the lower oxygen pressures in the post-branchial blood. 
Whether this is a function of water ventilation, or the presence 
of a chitinous layer over the gill, or of a generally less 
efficient gill structure, cannot at present be stated. 

It does seem odd that nearly half the pigment is not 
involved in oxygen exchange. Possibly in winter, in deeper, 
cold water, the dissociation curve shifts to the left and brings 
a much larger portion of the curve into functional tension 
limits. This would result in more oxygen being carried per 
unit volume of blood. Whether this would be of adaptive value 
depends upon the relative degree of temperature depression 
suffered by the circulatory rate and the overall metabolism. 
This type of adjustment, if of any adaptive significance, 
could be more important during the spring and summer 
months while the animals are in shallow water. Sudden 
changes of temperature, of as much as 5°, may occur overnight 
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due to wind currents and upwelling. Adaptation probably 
occurs to seasonal changes, but very likely could not com- 
pensate for such rapid fluctuations. 


Minute-volume 


From the pre- and post-branchial oxygen difference and the 
oxygen consumption, the minute-volume output of the heart 
may be calculated. Weymouth et al. (744) determined oxygen 
consumption as a function of body weight for a series of 
decapod crustaceans of widely varying weights. From their 
general curve it can be seen that a 750 gm Panulirus will 
consume an average of 18 cc oxygen per hour. The minute- 
volume of the heart of such an animal will be: 

oxygen consumption X 100 18 x 100 
A-V difference in vol.% X60 .5 X 60 

Burger and Smythe (’53) found the heart rate of Homarus 
to be between 56 and 130 beats per minute for 500 gm animals. 
If an average of 60 to 100 beats per minute is assumed for 
the Panulirus, this would indicate a stroke-volume of 0.6 tol1.0 
ec. This is somewhat greater than that found by Burger and 
Smythe for Homarus (0.2-0.3 ec). Their determinations were 
made by plunging an untapered glass tube, 2mm inside dia- 
meter with jagged edges, horizontally into the posterior 
ventriculo-arterial aperture. They then measured the volume 
of blood pumped into the tube per beat. As the authors state, 
this yields a very rough approximation and does not account 
for blood leaving the heart through the other arterial channels. 

The respiratory rate of the Homarus (due to starvation) 
and the Loxorhynchus (being extremely sluggish) was so un- 
certain that calculations of their minute-volumes seemed 
unjustified. 


==60 ee. 


Bohr effect 


The marked pH sensitivity of crustacean hemocyanin, to- 
gether with Redfield and Goodkind’s (’29) conclusion that 
carbon dioxide differences account for 30% of the oxygen 
exchange in the squid, would suggest that the Bohr effect 
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plays an important part in the respiratory exchange of the 
decapod crustacea.- Data obtained for Panulirus indicate, 
however, that this is not the case. 

The pH difference between the pre- and post-branchial 
blood was estimated in three ways, all of which gave results 
of the same magnitude. (1) Direct measurement with a pH 
meter, and (2) calculations based on the Henderson-Hasgsel- 
balech equation, indicated a difference of about .02 unit. (3) 
Only about 0.5mm difference in carbon dioxide tension ap- 
pears to exist between the oxygenated and unoxygenated 
blood. From figure 7, this would produce a pH change of .007 
unit. Another factor should be mentioned. Oxygenated hemo- 
cyanin is a stronger acid than is reduced hemocyanin (Ker- 
ridge, ’26; Shack, ’35). This means that the pH change due 
to carbon dioxide entering and leaving will be opposed by the 
effects of oxygen leaving and entering. Therefore, the actual 
pH values should be less than those obtained by calculations 
based only on carbon dioxide differences. 

If a pH difference of .02 unit does exist between the pre- 
and post-branchial blood, the half-saturation tension, at 15°, 
would be shifted by only 0.7 mm of oxygen pressure. This is 
just a little more than the thickness of the lines on figure 4. 
It appears, therefore, that the Bohr effect plays no significant 
part in the normal respiration of Panulirus. It seems quite 
possible, though, that the carbon dioxide tension could increase 
greatly enough in local areas during strenous muscular ac- 
tivity to bring about the release of extra oxygen in these 
local areas. 

Oxygen exchange in Panulirus can therefore be graphically 
summarized as in figure 9. 

Less extensive data for Loxorhynchus and Homarus suggest 
the same conclusions. It seems likely that this situation 
will apply to the decapod crustacea in general. 

With the above conclusions in mind, it is interesting to 
speculate upon the significance of the inverse Bohr effect 


240 JAMES R. REDMOND 


shown by the hemocyanin of Limulus (Hogben and Pinhey, 
27: Redfield and Ingalls, ’83), Busycon (Redfield, Coolidge, 
and Hurd, ’29; Redfield and Ingalls, 32), and Helix (Hogben 
and Pinhey, ’26; Wolvekamp and Kersten, 34). The relative 
insensitivity of the hemocyanin of these forms, as compared 
with that of the crustacea, make it unlikely that any carbon 
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given up by hemocyanin and from physical solution. Vertical dotted lines indicate 
oxygen tensions in the blood of the abdominal sinus and pericardium. 


dioxide tension difference between the blood in the gills and 
in the tissues, can appreciably affect oxygen exchange. Any 
carbon dioxide effect must be due to an internal accumulation 
of carbon dioxide, resulting in a leftward shift of the oxygen 
dissociation curve throughout the entire circulatory system. 
This could possibly oceur in estimating Helix, or result from 
high external carbon dioxide such as is supposed to occur 
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in the muddy situations where Limulus and Busycon are 
often found.? ; 

It has been suggested that this reverse Bohr effect, by 
lowering the loading tension of hemocyanin, may aid in the 
pickup of oxygen when the animal is in water of high carbon 
dioxide and low oxygen content. A possible objection to this 
interpretation lies in the fact that the concomitant lowering 
of the unloading tension might make it difficult for the tissues 
to extract sufficient oxygen from the pigment. While environ- 
mental measurements of carbon dioxide and oxygen are neces- 
sary before any definite conclusions can be drawn, enough 
information exists, for Busycon, to partially test these ideas. 

In well aerated sea water, the arterial and venous oxygen 
tensions in Busycon blood are 36 and 6mm, respectively. The 
pigment becomes 95% saturated in the gills and returns from 
the tissues 20% saturated. Assume a mud flat, in which the 
oxygen tension is 75 mm, about half that of well aerated water. 
In this situation, only about half as much oxygen will enter 
the gills per unit time, and the hemocyanin will become about 
47% saturated. From the oxygen dissociation curves of Busy- 
con blood, this would indicate an arterial tension of about 
12mm oxygen (Redfield, Coolidge, and Hurd, ’26). If the 
tissue tension remained at 6mm, 47% minus 20%, or 27% 
of the pigment would deliver up oxygen. Now, instead of 
negligible carbon dioxide, assume there is enough carbon 
dioxide in the water to cause a tension of 13.5 mm of this gas 
in the blood.*? The pigment now becomes 80% saturated in 
the gills. Assuming the tissue tension remains at 6mm, the 
hemocyanin would yield 80-50, or 30% of its oxygen to the 
tissues. Actually, in response to the decrease in oxygen, the 
tissue tension would probably drop as well. If this dropped 
to 3mm oxygen, in the absence of carbon dioxide, 40% (47-7) 

2T have been unable to locate appropriate measurements of carbon dioxide in 
the waters of marine mud flats or similar situations. 

2 This tension was chosen for convenience since Redfield et al. (’26) have deter- 


mined an oxygen dissociation curve for Busycon at this value. It seems doubtful 
that such a high carbon dioxide tension would normally occur, 
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of the combined oxygen would be released; in the presence of 
13.5 mm carbon dioxide, 50% (80-30) would be released. 

These rough calculations suggest that the reverse Bohr 
effect could be of adaptive value to organisms living under 
conditions of high carbon dioxide and low oxygen. This would 
be true particularly for organisms which could function at 
very low (1-2mm) tissue oxygen tensions. 


Critical oxygen tensions 


One of the methods whereby inferences have ‘been drawn 
concerning blood respiratory pigments is the determination 
of critical oxygen tensions. The critical oxygen tension is 
that external tension below which oxygen consumption is no 
longer independent of oxygen tension. In the case of the 
simpler animals which lack a blood pigment, the critical ten- 
sion is believed to be the pressure at which cell processes 
using oxygen become saturated (Maloeuf, ’37a, b; Hyman, 
29). Among those animals possessing a blood pigment, a 
critical tension or bend in the oxygen consumption vs. oxygen 
tension curve will generally occur at that pressure below 
which the pigment does not become saturated with oxygen 
(Thomas, 735; Walshe, 750). 

Amberson, Mayerson, and Scott (’24) found no critical 
tension for Homarus americanus, and stated that its oxygen 
consumption was directly proportional to the oxygen tension 
of the surrounding water. Maloeuf (’37a) found the same 
to be true of the crayfish, Cambarus bartoni and Cambarus 
clarkuw, and Limulus polyphemus. Maloeuf continued raising 
the oxygen tension, and observed that somewhat above at- 
mospheric pressure the oxygen consumption of all three 
plateaued. Previously, he had noted that the oxygen content 
of Limulus blood, when taken from the living animal, was 
less than that of sea water. He interpreted his findings to 
mean that the hemocyanin of the crayfish and Limulus had 
little, if any, function in oxygen transportation. He believed 
the plateau in oxygen consumption to be due to oxygen satu- 
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ration, in the tissues, of those reactions requiring molecular 
oxygen. 

In view of the present findings, it seems that a more cor- 
rect interpretation of these results hinges upon the observa- 
tion that the oxygen in the water and the oxygen in the blood 
are far from being in equilibrium. The oxygen tension in the 
blood does not normally become high enough to saturate the 
hemocyanin. A more or less constant internal oxygen tension 
results. This means that the rate of diffusion of oxygen into 
the gills should be approximately a linear function of the 
external oxygen tension. This results in the observed linear 
relationship between oxygen tension and oxygen consumption. 
By increasing the external oxygen tension above atmospheric 
pressure, the rate of diffusion finally becomes great enough 
to saturate the pigment. As soon as this happens, the internal 
oxygen tension begins to rise rapidly and the oxygen gradient 
becomes less steep so that further increases in the external 
oxygen tension result in only a relatively small increase in 
the amount of oxygen entering the blood. At this point, oxy- 
gen consumption should tend to level off. 

Data concerning critical oxygen tensions of decapod crus- 
taceans and Limulus can, therefore, be interpreted in the 
same way as that for other animals bearing a blood respira- 
tory pigment. 

SUMMARY 


1. By means of oxygen dissociation curves and oxygen 
analysis of pre- and post-branchial blood samples, the role 
of hemocyanin in the respiratory exchange of three decapod 
crustaceans was determined. 

2. The position of the oxygen dissociation curve was found 
to be influenced by dilution of the hemocyanin, the extent of 
the effect depending upon the degree of dilution and the nature 
of the diluting solution. 

3. The pressure necessary for half-saturation of Panulirus 
hemocyanin increased rapidly as the pH decreased. The 
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extent of the shift was much greater at 25° than at 10°. 
Conversely, changes in half-saturation pressures due to tem- 
perature change were much smaller at high pH than at low pH. 

4. The half-saturation pressures for the hemocyanin of 
Loxorhynchus and Panulirus are similar at normal environ- 
mental temperatures, but diverge sharply as the temperature 
rises above 16°. 

5. Oxygen analysis of blood samples showed that: 

(a) the hemocyanin, in vivo, never becomes saturated 
with oxygen 

(b) the oxygen tension in both pre- and post-branchial 
blood is very low (2-12 mm Hg) 

(c) only about 0.5 em’ oxygen is delivered to the tissues 
by 100 em’ of blood 

(d) 80-97% of the oxygen exchange is accounted for by 
the hemocyanin. 

6. Qualitative observations on Pachygrapsus indicate that 
hemocyanin is as important in oxygen transport in the small 
decapod crustacea as in the larger forms. 

7. The pH difference between the pre- and post-branchial 
blood of Panulirus, determined by three methods, appears to 
be about .02 pH unit. 

8. This difference is too slight to make the Bohr effect of 
significance in total respiratory exchange, but the possibility 
of localized effects is recognized. 

9. The minute-volume and stroke-volume of the heart of 
Panulirus, calculated from pre- and post-branchial oxygen dif- 
ferences and approximate oxygen consumption, appear to be 
60 cm*, and 0.6-1.0 em’, respectively. 

10. In the decapod crustacea, the direct proportionality 
between oxygen consumption and oxygen tension, and the 
presence of a critical tension above atmospheric pressure, is 
explained as due to the normally unsaturated condition of 
the blood pigment. 

11. Evidence is given that the hemocyanin of Limulus is 
responsible for nearly all oxygen transport in that genus. 
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12. Rough calculations are presented which indicate that 
the reverse Bohr effect, as exhibited by the hemocyanin of 
Busycon, may be of adaptive value. 
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INTRODUCTION 


Studies on isolated electroplax of the electric eel have been 
the subject of recent publications from this and other labora- 
tories (Altamirano et al., ’55a; Altamirano et al. ’55b; 
Altamirano et al., ’55c; Keynes and Martins-Ferreira, 53). 
The adaptation of micromethods has permitted reliable meas- 
urements of some electrical characteristics of the cell during 
rest and activity. The average resting potential has been 
reported to be 73 (Altamirano et al., 55a) or 86 (Keynes and 
Martins-Ferreira, 53) mV. Two types of responses of the 
innervated membrane have been described: a postsynaptic 
potential caused by nerve stimulation and an all or nothing 
action potential that can be elicited by nerve or direct stimula- 
tion of the electroplax. The magnitude of the latter varies be- 
tween 126 (Altamirano et al., 55a) and 150 mV (Keynes and 
Martins-Ferreira, 53). The spike is propagated along the cell 
with a velocity of about 1.5 m/sec, which is of the same order 
of magnitude as conduction along striated muscle or slow 
conducting axons. The non-innervated membrane exhibits a 
resting potential, although it cannot be electrically excited. 

The ionic permeability of the innervated membrane of the 
electroplaque and its changes under different conditions have 
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been recently studied in this laboratory. It is well known 
that the resting and action potentials are dependent upon the 
movement of ions like Na and K across the cell membrane 
and hence, to its ionic permeability. Information on the latter 
has been obtained from measurements of the electrical re- 
sistance of the membrane. Similar methods have been pre- 
viously utilized by many investigators and their value is well 
established. With regard to the electric organ, Keynes and 
Martins-Ferreira (’53) showed that the resistance of the 
innervated membrane is about 7.4 ohm/cm.? Previously, Albe- 
Fessard (’50) observed in electric organ of Torpedo that this 
resistance decreases during the action potential. 

This paper will describe a preparation in which the resis- 
tance of the innervated membrane of the electroplax is derived 
from the measured voltage drop produced by a current of 
known density. New data about the values of the resting and 
action potentials was gathered during the performance of 
these experiments. Interesting results were obtained on the 
effect of prolonged cathodical and anodical polarization of 
the cell membrane. The analysis of some of these data will 
be also included in the present paper. 


METHODS 


All the experiments reported here were carried out on 
electroplax of the bundle of Sachs. A single horizontal layer 
of cells was dissected as already described (Altamirano et 
al., ’55a). However, the technique has been improved. In 
earlier experiments segments of cells remained attached 
to the external end of the preparation and its medial region 
was connected with the spinal cord and adjacent formations. 
The present experiments were performed after the careful 
removal of all these extraneuos tissues. The dissection was 
done under a microscope. A single row of cleaned cells 
located between two horizonal membranes of connective tissue 
which maintain the electroplax in fixed position was obtained 
by this method. Before the beginning of the experiment, the 
upper connective sheet was also carefully removed. This 
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membrane seems to form a rather strong permeability barrier 
and its elimination increases the efficiency of drugs in the 
cases tested by a factor of 4 to 8. At a certain distance of the 
electroplaque selected for the experiment the whole prepara- 
tion was transfixed by a pair of silver wires, as shown in figure 
1. This makes it possible to suspend the electroplax in air 
by means of the two wires or, when desired, to submerge it 
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Fig. 1 Diagram of the stimulating and recording arrangement. For details 
see text. 


in saline solution. Owing to the large volume of the extracel- 
lular tissue interposed between successive electroplax (fig. 
1), the preparation could be repeatedly kept in air during 
periods of 5 to 10 minutes, without damage to the cells. 

The two silver wires were connected to a stimulus isolation 
unit shown in figure 1 (Stimulating Circuit 1). When the 
preparation is suspended in air, all the current flowing through 
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this circuit passes across the innervated membrane of the 
electroplaque. The latter can be appropriately described as 
a plane oriented perpendicularly to the electric field produced 
by the external electromotive force. Its area was measured 
at the end of each experiment in the following way: a 
photograph of the transversal section of the studied cell was 
taken and the area subsequently measured by means of a 
planimeter. The magnitude of the current was derived from 
the voltage drop produced across a 100 ohm resistance in 
series with the electrodes. 

One or two pairs of recording microelectrodes were placed 
as indicated in figure 1. The microelectrodes were glass 
micropipettes filled with 3M KCl. They were drawn with 
the pipette puller described by Alexander and Nastuk (753) 
and filled by several procedures. The method of Tasaki et 
al. (54) appeared the most rapid and efficient. The micro- 
pipettes were less than 0.6u in external diameter. This 
magnitude represents the limit of resolution of the micro- 
scope used to measure each electrode with a water immersion 
objective. These small tips are now used on the electric organ 
because the strong and hard connective tissue, by which the 
electrodes were broken in earlier experiments, has been 
removed. 

The stimuli were delivered through the two silver electrodes 
described above, or by pin point steel needles straddling the 
studied cells as shown in figure 1 (Stimulating Circuit 2). 
The former procedure allows the simultaneous excitation of 
the whole innervated membrane; the second stimulates only 
a localized region. The stimuli were rectangular pulses of 0.1 
to 22.5 msec duration and of controlled intensity. 

The recording system was previously described (Altamirano 
et al., ’55a). 

The saline solution had the following molar concentration: 
NaCl 0.190; KCl 0.005; MgCl, 0.0015; CaCl, 0.003; sodium 
phosphate buffer 0.005 (pH 6.75). 

The experiments were carried out at a temperature ranging 
between 19 and 24°C. 
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The conductance of the different solutions was measured in 
a conductance cell with a General Radio Impedance Bridge 
(Model 650-A). 


RESULTS 


In all the experiments here reported the electroplax were 
kept for at least two hours prior to the electrical measure- 
ments in the standard saline solution described under methods. 
The average resting potential recorded is 81mV (range of 
variation: 72 to 90mV), ie. significantly higher than the 
73mV found as the average value in earlier experiments. 
These figures are most likely a consequence of the smaller 
outside diameter of the microelectrodes and the better optical 
control of its position. The new value is close to the average 
of 86mV found by Keynes and Martins-Ferreira (’53). 

The current flowing through circuit 1 (fig. 1) can be accu- 
rately measured when the preparation described previously is 
kept in air. The area of the cross section of the electroplaque 
may be evaluated as stated in methods. The current density is 
easily derived from these two quantities and should be uniform 
over the whole innervated membrane, provided the extracel- 
lular tissue is electrically homogeneous. The latter condition 
was ascertained by a procedure illustrated in figure 2. The 
voltage drop across different loci of the innervated membrane 
was simultaneously measured by means of two pairs of 
recording electrodes. One pair (upper pair of electrodes in 
A and H of figure 2) was kept stationary and the other 
was positioned at different distances from the former. It is 
evident that the change in potential difference across the 
membrane produced by the stimulating current is the same 
at every point. This demonstrates that the electric field is 
reasonably uniform. 

The whole innervated membrane discharges simultaneously 
when the preparation is sufficiently excited (fig. 2, D, B and I). 
It is obvious that in the latter situation there is no flow of 
current along the membrane, and if the borders are well 
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insulated, no current should flow at any point. Therefore, 
the EMF of the electroplaque membrane is measurable. 
This condition is fairly closely fulfilled in spite of the extreme 
simplicity of the chamber used. The most important error 
is caused by the. thin film of saline solution that remains 
attached to the preparation and provides a close path for 
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Fig. 2 Changes of the transmembrane potentials of the electroplaque caused 
by two different types of stimulation. Date: 1/4/55. A: recording arrangements 
of records B to E. The whole innervated membrane is stimulated through 
circuit 1 (fig. 1) with a rectangular pulse either of 22.5 msec duration (B, C 
and D) or of 0.2 msee (E). The superimposed electric field displaces the 
transmembrane potential to the same value at every place; an action potential may 
be elicited simultaneously over the entire surface of the electroplaque (stationary 
spikes shown in D and E). H: recording arrangement of records I and J. 
The position of the electrodes of the stimulating cireuit 2 (fig. 1) is also indicated 
in the diagram. In I the electroplaque is excited through cireuit 1 (stimulus of 
0.2 msee duration) ; a stationary spike is elicited. In J the cell is stimulated with 
circuit 2; a spike initiates near the upper recording electrodes and propagates 
along the membrane. The resting potential is 78 mV. Calibration in 1000 eyeles 
and 100 mV. F applies to records B to D; G to, records E, I and J. 
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the current. The film may be removed with filter paper. Its 
removal was performed only in control experiments, because 
the total resistance of the film is very high and the error 
introduced by its presence is small. 

The procedure just presented is similar to the method 
described by Marmont (’49) for squid axon. The basic aim 
of these methods is to study the properties of the membrane 
during activity without the complications arising from the 
longitudinal flow of current. 

Four micromanipulators must be used when experiments 
with two pairs of electrodes are performed. This introduces 
a number of difficulties and little additional information is 
obtained. Therefore, the majority of the experiments de- 
scribed were performed with a single pair placed near the 
center of the cell studied. 

An important requirement for a correct interpretation of 
the results is that the current delivered by the stimulating 
unit must be constant regardless of the physiological state 
of the membrane. As shown in the upper traces of figure 5, 
the voltage drop across the 100 ohm resistance is constant, 
disregarding the fact that the membrane may be successively 
at rest, active or in a state of post-activity. The resistance of 
the membrane is in series with the total external resistance 
of the stimulating circuit. It constitutes a small per cent of 
the latter as will be shown in this paper. Therefore, even 
important changes of its magnitude do not modify significantly 
the current delivered by the stimulating unit. 

Direct excitation of the electroplax was performed either 
by short rectangular pulses (0.1 to 0.5 msec) or by prolonged 
stimuli (10 to 22.5 msec) delivered by the stimulating circuit 
1 (fig. 1). Whenever circuit 2 was utilized it will be explicity 
mentioned. 

The general characteristics of the stationary action poten- 
tials obtained by a short stimulus with the preparation in 
air closely follow the pattern previously described for propag- 
ated spikes (2). However, a very significant difference in 
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magnitude is noticeable. Figure 3 shows a typical record 
when the whole innervated membrane of an electroplaque 
kept in air discharges simultaneously. The recording elec- 
trodes are as near as possible to the active membrane and 
in direct opposition to each other. The action potential at 
the peak measures 171 mV and its duration is about 2.85 


CAA 
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Fig. 3 Effect of the resistance of the extracellular media on measurements of 
the transmembrane potentials of the electroplaque. Date: 10/27/54. A, B and C: 
preparation maintained in air. D and E: preparations immersed in saline 
solution. A and D: the whole innervated membrane is excited simultaneously by 
means of circuit 1 (fig. 1); the action potential is stationary. B and E: a 
discrete area of the electroplaque is stimulated through cireuit 2 (fig. 1); the 
elicited spike propagates along the membrane. C: stimulation through the 
nerve terminals: stationary action potential as in A. Cal.: 100mV and 1000 
cycles. 


msec (Temp. 23.5° C.). Figure 3B was recorded under the 
same conditions but now the electroplaque was excited with 
the stimulating circuit 2 (fig. 1). The spike is initiated in the 
neighborhood of the stimulating electrodes and is propagated 
along the innervated membrane as is more clearly shown in 
figure 2 J. The potential at the peak is 165 mV and its 
duration 3.62 msec. The difference between the two spikes 
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is 6mV or about three per cent of the highest value. In 
nearly all the cases the difference has been zero. Figure 3C 
shows the spike obtained by ‘‘indirect’”’ stimulation (2) 41-e. 
when the whole membrane is excited through the nerve 
terminals. The corresponding dimensions of the spike are 
171 mV and 2.72 msec. Experiments of this type show con- 
clusively that the voltage drop through the inactive membrane 
in front of a propagated spike causes little or no reduction 
of the transmembrane action potential. As is well known, the 
magnitude of propagated or stationary potentials is the same 
in squid axons. 

If the recording and stimulating conditions described are 
maintained but the preparation is immersed in saline solution, 
records D and E (fig. 3) are obtained. The whole cell was 
excited in D. In E only a limited region was stimulated 
through circuit 2 (fig. 1), therefore the recorded activity is a 
propagated spike. Now the action potentials measure respec- 
tively 130 and 136 mV and their duration is markedly short- 
ened. It is evident that the small resistance of the extracellular 
media reduces the magnitude of the transmembrane action 
potential of the electroplaque. The above situation represents 
the experimental conditions of earlier work. There it was 
found that the average action potential measured only 126 
mV (Altamirano et al. ’55a). In 14 of the experiments 
performed with the new method, both the stationary and 
propagated spike were measured. The average values for 
the former are 154 mV (range of variation 140 mV to 172 
mV) and 3.9 msec of duration. The corresponding magnitudes 
for the propagated spike are 154 mV (range of variation 138 
to 170 mV) and 4.5 msec. The spike size closely agrees with 
the 150 mV reported by Keynes and Martins-Ferreira (753). 
These investigators probably obviated the short circuit pro- 
duced by the surrounding inactive media by the simultaneous 
stimulation of all the cells of a thin slice of considerable area. 
Moreover, their preparations comprised three or more layers 
of cells. Since the tips of the recording electrodes were 
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placed 150 p apart, some contribution to the measured potential 
by distant electroplax should be expected. 

The evaluation of the magnitude of the action potential of 
the electroplax involves a somewhat different condition from 
that of evaluating the action potential of the axon. Figure 
4 illustrates these two situations diagrammatically. In A 
ig shown the front of a propagated spike in an axon. It is 
not necessary to discuss the distribution of current at the 


Fig. 4 Diagrams and equivalent circuits of the current flow during the propa- 
gation of an action potential. A: axon. B: electroplaque. Details in text. 


rear. The current caused by the active membrane flows as 
the well known scheme indicates. <A simplified equivalent 
circuit is shown at left. B,, and R,, are the battery of the 
active membrane and its external resistance. Any closed path 
between two points of the membrane must include the resis- 
tance (R,,,) and capacity (C,,) of the membrane at rest in 
series with the resistances of the protoplasm (R,) and external 
media (R.). The nerve is assumed long, therefore there is 
no flow of current across the eut end. R,,, is large compared 
with R, or R., thus the potential difference measured across 
the active membrane (B,,) depends fundamentally on the 
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magnitude of R,, and ©, The situation in the case of the 
electroplaque is illustrated in figure 4 B. The membrane can 
be considered as a finite plane varying in length from 6 to 
15mm and from 1 to 2mm in height. It is clear that not 
all the current generated by a propagating spike flows through 
the non-active innervated membrane of the electroplaque. 
At the upper and lower edges of the excited region there is 
a voltage drop which is a function of the specific resistance 
of the solution and the protoplasm of the cell (R, and R,) as 
shown in the equivalent circuit of figure 4 B. The resistance 
of the noninnervated membrane of the electroplaque (R,» in 
the right side of equivalent circuit B) is extremely small, a 
fraction of one Ohm/em? (Keynes and Martins-Ferreira, 
03), and adds very little to R,; or Ry. Probably a capacity is 
in parallel with the resistance of the non-innervated mem- 
brane, but it has been omitted for simplification. In summary, 
the measurement of the EMF in the electroplaque depends 
not only upon the resistance of the innervated membrane at 
rest, but in addition on the resistance of the extracellular 
media. 

All the experiments in which current was passed across 
the membrane by means of rectangular pulses of long duration 
(10 to 22.5 msec) were earried out with the preparation 
suspended in air. As previously indicated, this procedure 
permits evaluation of the density of the current flowing 
through the electroplaque. 

Figure 5 illustrates a characteristic experiment. In A to 
C an inward current of known magnitude (see legend) flows 
through the innervated membrane during 22.5 msec. The 
resting potential has the same sign as the superimposed 
voltage difference caused by the current and is therefore 
increase (anelectrotonus). This increment is constant during 
long periods provided the current density is low (A and By 
When the current magnitude is high, the transmembrane 
potential slowly increases with time (C). This latter phe- 
nomenon is magnified when the pulses of inward current are 
rapidly repeated and it is less apparent or even absent, when 
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the pulses are intervalated with shocks of opposite po- 
larity. 

Fig. 5F illustrates a spike elicited by very short stimulus 
(0.1 msec). G to M show records obtained with long pulses 
when the stimulating current flows outwards. Now the resting 
potential is decreased, i.e. a catelectrotonus has developed. 
When there is no active response of the cell (G), the records 
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Fig. 5 Effect of long rectangular pulses (22.5 msec) on the transmembrane 
potential of the electroplaque. Date: 3/15/55. All the records of this and subse- 
quent figures were performed with the preparation maintained in air. The resting 
level of the upper trace constitutes the zero reference in the measurement of 
the transmembrane potential. This trace also shows the voltage drop produced 
across a 100 ohm resistance by the current flowing through cireuit 1 (fig. 1). The 
lower trace is a recording of the transmembrane potential. A, B and C: 
anelectrotonus caused by the inward flow across the innervated membrane of 
6.6, 9 and 18 mA/cm? respectively. In A is the time calibration (msec) for all 
records except record F, D: amplitude calibration (100 mV) for the upper trace 
of all the records. EH: amplitude calibration (100mV) for the lower trace of 
all the records. E also indicates the time calibration (1 msec) for record F. 
F: action potential produced by a pulse of 0.2 msee duration. G to M: 
transmembrane potentials during prolonged cathodal shock. The magnitude 
of the stimulating current is in mA/em*: G, 5.1; H, 6.7; I, 7; J, 7.9; K, IeESyS 
L, 16.7 and M, 23.8. 
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are a countertype of those produced with similar currents of 
opposite direction. An action potential is elicited when the 
voltage drop across the membrane reaches threshold (@sb, 
In a few electroplax it was possible to produce at threshold 
stimulation what ‘is generally considered to be a ‘‘local’? 
response, le. a graded and non-propagated activity of the 
membrane. Whether this activity is an artifact arising from 
the recording conditions or a genuine graded response of the 
electroplaque will be discussed in another paper. The results 
obtained when the strength of the stimulating pulse is in- 
creased are shown in records I to M. Record G illustrates a 
response that was observed only in a few electroplax. Any 
level of transmembrane potential could be obtained and main- 
tained for the whole duration of the stimulating pulse in 
the majority of the experiments. The displacement of the 
transmembrane potential from the resting value was between 
two and threefold the displacement produced by an anodic 
pulse of the same magnitude (fig. 5). A further analysis of 
figure 5 will be offered later in this paper. 

The characteristics of the all or nothing spike can be better 
analyzed in records made with fast sweeps (fig. 6). The 
number at the right of each tracing represents the density 
of the current flowing outwards due to the superimposed elec- 
tric field. When the cell is excited by a short pulse (0.4 msec) 
it is obvious that no current due to the stimulus flows during 
the spike (O curve). The other records were obtained with 
pulses of 22.5 msec duration. It must be emphasized that since 
the action potential is produced by an inward movement of 
positive charges, the net current during the action must be 
inwardly directed despite the effect of the superimposed 
electric field. In the experiment of figure 6, a current of 
2.3 mA/em? was not able to stimulate, but 4.6 mA/cm* was 
the threshold value. A depolarization of 30 mV was followed 
by an action potential when present for about half a milli- 
second. The average threshold depolarization in 17 experi- 
ments was 30mV (range of variation 20 to 40 mV). This 
value is somewhat smaller than the 40 mV assumed previously 
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as the trigger level (Altamirano et al.,-’o0a,), sandeditais in 
better agreement with the size of the postsynaptic potential 
when the spike is caused by nerve simulation. Increasingly 
greater depolarization is needed to produce spikes with 
shorter latencies (fig. 6). A curve similar to the well known 
strength-duration plot may be derived from these data. 


mA/cm@ 


21.5 
20.7 


13.5 


1OOmvV) 9.8 


Ey) ee Sees ee ee SS ee 
mSEG 

Fig. 6 Effect of rectangular pulses of long duration (22.5 msec) on the 
transmembrane potentials of the electroplaque. Date: 11/15/54. The numbers 
at the right of each tracing indicate the density of the current caused by the 
applied electric field. The O record was performed with a stimulus of 0.4 msee 
duration, therefore the magnitude of the stimulating current was zero during 
the action potential. Resting potential: 78 mV. 


The transmembrane potential difference at the peak of the 
spike elicited by a short stimulus (0.1 to 0.4 msec) is the 
same as that produced during the existence of a small 
superimposed electric field. The intensity of the latter should 
not be higher than necessary to cause a current of about 
1 to 8 mA/cm*. This quantity varies from one experiment 
to another. The same result is obtained whether the current 
flows inwards or outwards through the membrane. When the 
stimulating pulse causes a current greater than 4 mA/em?, 
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the magnitude of the action potential and the duration of the 
spike increase, as shown in figures 5 and 6. After the spike 
subsides, the transmembrane potential decreases to a value 
ae proportional to the stimulating current (figs. 5 and 
6). 

Some pertinent conclusions as to the transmembrane re- 
sistance under different conditions may be derived from the 
experiments described if appropriate equivalent circuits are 
assumed. The circuits proposed are illustrated in figure 7. 
A represents the situation at rest, B at the peak of the action 
potential, and C after the spike subsides and the cell continues 
to be depolarized by the long stimulus. The phrase ‘‘after 


Fig. 7 Diagrams of the equivalent circuits in various experimental situations. 
A: preparation at rest. B: during the rising phase and peak of the spike. C: 
after activity. More details in text. 


the spike subsides’’ will be used because it describes the 
experimental situation. However, it may also explain satis- 
factorily the experimental findings during the falling phase 
of the spike as it will be later discussed. 

In the three schemes the generator of the long rectangular 
pulses is represented as a battery (By) with a resistance (Rx). 
The latter represents the internal resistance of By, plus all 
other resistances in series and measures about 1500 ohms. 
The polarity shown corresponds to an outward directed cur- 
rent whose magnitude is measured by the voltage drop across 
a 100 ohms resistance. The difference in potential () meas- 
ured by the recording electrode comprises a series of elements 
dependent upon the state of the membrane. 
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Between the electrodes lies, at rest, the generator of the 
resting potential (By) whatever its nature may be, with its 
internal resistance (R,,). In series with the latter are two 
small resistances because the recording electrodes may not 
be in contact with the membrane. The magnitude of these 
will be evaluated below and provisionally are lumped with 
Ry. The recording electrodes should measure a potential dif- 
ference (E,) equal to the algebraic sum of the electromotive 
force of By, and the IR drop caused by the current across Ry. 
The resistance of the membrane (in ohm/em?) is very 
small. By is under a constant load, and therefore its voltage 
may also be considered constant. If the assumed circuit is 
correct, the plot of the displacement of the transmembrane 
potential against the current flowing through Ry should result 
in a straight line, whose slope will be the resistance of the 
membrane in suitable units. Figure 8 summarizes the data 
obtained in one experiment. The ordinates represent the 
change of transmembrane potential produced by the flow of 
current. When the internal negativity of the cell at rest is 
increased (anelectrotonus) the sign of the added voltage is 
taken as negative. Positive values denote depolarization or 
increased positivity of the inside of the electroplaque (catelec- 
trotonus). The currents are taken as negative when directed 
inward across the membrane and positive when outward. 
The points correspond to values obtained at the end of the 
first millisecond of current flow, i.e. after all transients have 
vanished. However, when the cell produced an action potential 
the data were determined at the end of the 22.5 msec period. 
This region corresponds to the right of the arrow in figure 8. 
This time was selected because all the irregularities caused 
by the spike have disappeared. As shown in figure 5, the 
transmembrane potential maintains a given magnitude as 
long as the current flows. Its value, after the spike, is there- 
fore reasonably constant and can be measured at any selected 
time. 

It can be seen in figure 8 that R,, behaves as an ohmic re- 
sistance irrespective of the direction of current flow. It ean 
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be concluded that there is no rectification provided the 
membrane is not excited. This result agrees with the ob- 
servations of Albe-Fessard (’50) on Torpedo. The resistance 
has been measured by this procedure in 16 electroplax of 


MEMBRANE RESISTANCE 
+200 IN OHM/CME ; 


ATE REST o.3 
*12O0F AFTER ACTIVITY: 109 


120 


SCOMMA/cmo™ sO O Ale) ~20 


Fig. 8 Evaluation of the membrane resistance by the measurement of the 
change in transmembrane potential produced by a current of known magnitude. 
Date: 3/15/54. Ordinates: Displacement of the transmembrane potential (in mV) 
produced by the current (in mA/em’) delivered by cireuit 1 (fig. 1). The 
ordinates are therefore the transmembrane potential at a selected time (see text) 
minus the absolute value of the resting potential. The sign is taken as positive 
when the electroplaque is depolarized (increase positivity of the inside of the 
cell) ; when the current flows inward it is considered positive. The arrow indicates 
when the depolarization reaches threshold. The points to the left of the arrow 
correspond to the membrane at rest; to the right are values obtained after 
activity (details in text). 


different eels and the average value is 6.5 ohm/cm? (range 
of variation: 3.3 to 10.7 ohm/cm?). It may be recalled that 
Keynes and Martins-Ferreira (’53) found an average of 
7.4 ohm/em?. 

The transmembrane potential varies with time when strong 
anodal current is utilized (fig. 5 C). The closed circles in 
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figure 8 correspond to the displacement of potential at the 
end of the 22.5 msec pulse. It is evident that the variation of 
the transmembrane potential is determined by an increase of 
the resistance of the membrane. This phenomenon is the 
opposite of the so-called ‘‘anodic breakdown’’ in non-mye- 
linated axon (Hodgkin, ’47a) or in frog nerve fiber (del 
Castillo and Katz, 54). So far, an effect similar to the latter 
has been observed solely in electroplax kept in sodium free 
solution. 

It could hardly be expected that the recording electrodes 
were in contact with the membrane in every experiment. 
However, because of all the precautions taken it is safe to 
assume that the electrodes were not more than 20u distant 
and probably much less. The resistance of a sheet of saline 
solution 20 thick is about 0.17 ohm/em?. The specific re- 
sistance of the protoplasm of the electroplaque is probably 
similar to the saline solution, therefore inside the membrane 
another 0.17 ohm/cm? in series must be taken into account. 
In summary, the inaccuracy due to the position of the micro- 
electrodes is in general definitely less than 10% of the total 
resistance measured. 

It is commonly believed that during the action potential the 
membrane behaves as a Na electrode (By in fig. 7 B). In 
this case the total transmembrane potential measured (K,) 
is the algebraic sum of the voltage difference across By and 
the IR drop through the variable resistance Ry,. The latter 
is the internal resistance of the membrane during activity. 
The EMF of By can be determined if the membrane is excited 
under conditions of zero current flow (fig. 6, trace 0). How- 
ever, when a superimposed electric field determines a trans- 
membrane potential equal or in excess of the electrochemical 
potential of Na in the external fluid, no net influx of this 
element should take place and the spike should disappear. 
In this situation the transmembrane potential should vary as 
shown in trace 20.7 of figure 6. Figure 5 illustrates a similar 
experiment. In record K, the spike still adds some potential 
to the transmembrane potential. The latter has the same 
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magnitude as the sodium potential in L; in record M it is 
somewhat higher. Although the stimulating pulse is rec- 
tangular, a few irregularities may be seen at the beginning 
of the records. These should be expected since a series of 
rapid changes of the membrane conductivity takes place after 
stimulation and the IR drop across the membrane is variable, 
even when the flow of current is constant. When the equili- 
brium potential of sodium is determined by this method, it 
usually measures over 20mV more than the EMF of the 
spike. For example, in figure 6, the apparent equilibrium 
potential is 102 mV and the overshoot of the spike only 72 
mV. The respective values in the experiment of figure 5 are 
98 mV and 71 mV. 

The evaluation of the membrane resistance during the 
action potential by the procedure here discussed, involves some 
difficulties which have not been satisfactorily solved. 

The assumed equivalent circuit of the innervated membrane 
after the spike subsides is shown in figure 7 C. Bx is the 
same battery as in diagram A, but the membrane resistance 
R,, is somewhat different. The results of the experiments per- 
formed strongly suggest this assumption. For example, when 
an appropriate current flows outwards, eventually the mem- 
brane is kept completely depolarized, i.e. the transmembrane 
potential is zero. A zero transmembrane voltage, when a 
significant amount of current flows, can only be explained by 
one or the other of the following processes: (A) The mem- 
brane generates a potential difference of the same magnitude, 
but opposite in sign to the IR drop caused by the applied cur- 
rent. This assumption is tantamount to accepting as correct 
the assumed circuit, or (B) the applied current is counterbal- 
anced by an opposite current of the same magnitude. This ex- 
planation seems incorrect for the following reasons. In order 
to keep the transmembrane potential at a zero value, it is 
necessary to let flow a sizable current. For example, in the 
experiment illustrated in figure 8, the current density under 
this condition was 7.4 mA/em?. If only univalent ions move 
across the membrane, 7 X 10° eq/cm? of positive or negative 
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ions were flowing outwards or inwards respectively. Only a 
net entry of Na would cause a steady countercurrent of 
such magnitude. However, Hodgkin and Huxley (’52b) have 
shown that the membrane permeability to Na is markedly 
reduced at the end of the spike, especially if the cell is kept 
depolarized. Therefore an important influx of this ion can 
hardly be expected. Furthermore, it may be observed in 
figure 8 that there is no discontinuity in the line of resistances 
between the points where the transmembrane potential is 
zero and where the strongest cathodic current was applied. 
The latter produced a depolarization of the electroplaque mem- 
brane of such a magnitude that no inward diffusion of Na 
would be expected. An outward flow of negative charges could 
produce the hypothetical countercurrent. This assumption 
appears unlikely. Among the intracellular anions, only Cl 
may be considered as able to transport the current across 
the membrane. However, although its exact intracellular 
concentration is unknown, it is certainly small. Furthermore, 
experiments that will be described in another paper show that 
the lack of Clin the extracellular media does not produce any 
change in the electrical characteristics of the membrane. 
In summary, the circuit assumed in figure 7 C appears to 
be correct for the experimental situation here analyzed. 
Therefore, if the displacement of transmembrane potential 
is plotted against the current applied to produce this dis- 
placement, the slope of the line determined corresponds to 
the membrane resistance (fig. 8). In the conditions just dis- 
cussed its average value is 12.7 ohm/cm? (range of variation: 
7.00 to 29.2 ohm/cm?). The small values were observed in 
membranes which presented a small resting resistance and 
vice versa. It can be concluded that the magnitude of the 
membrane resistance after the spike is about twice the value 
at rest if the cell is maintained depolarized. Probably the 
resistance of the membrane has the same magnitude during 
the falling phase of the spike as will be discussed later. 

The transmembrane potential in figure 5 H presents two 
levels after the spike subsides. It can now be demonstrated 
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that these levels correspond to each one of the two states 
that the membrane may present under the experimental 
conditions here described. The transmembrane potential meas- 
ured immediately after the spike ends, falls on the upper 
line of resistance as plotted in figure 8. The potential just 
before the end of the pulse falls on the line of resistance at 
rest. 

Some experiments performed during this work are related 
to the phenomena described by Hodgkin and Huxley under the 
term ‘‘sodium inactivation’? (Hodgkin and Huxley, ’52b). 
These investigators observed that the membrane of squid 
axon diminishes or loses its capacity to produce responses if 
kept depolarized. The inward sodium current characteristic 
of the activity is completely absent when the decrease of the 
resting potential is about 30mV. Hodgkin and Huxley con- 
cluded that the lack of response is determined by the inactiva- 
tion of the system which enables sodium to cross the 
membrane. This ‘‘inactivation’’ is a function of the trans- 
membrane potential; it rapidly increases when the axon is 
depolarized. 

In our experiments, the membrane has been kept depolarized 
by means of circuit 1 (fig. 1) and its excitability tested with 
a short stimulus (0.1 to 0.4 msec). If the reduction of the 
resting potential is smaller than the threshold value, the 
second stimulus may elicit a spike at any time. This action 
potential is usually higher and longer than the control, as 
was described in the somewhat similar situation illustrated in 
figures 5 and 6. When the long depolarization reaches thres- 
hold, a spike is produced at the beginning of the pulse. In 
this case, a testing stimulus may elicit activity immediately 
after the initial action potential subsides (fig. 9 B). The time 
course of the refractory period was determined in the pre- 
paration shown in figure 9 with a conventional conditioning 
stimulus (0.1 to 0.4msec) and was found to be the same as 
when the conditioning pulse is long (fig. 9 B to F). Although 
in the experiment of figure 9 the testing stimulus is threshold 
(record A), its effect is markedly facilitated by the long 
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catelectrotonus. This feature is mentioned because the refrac- 
tory period may appear unusually short (fig. 9). Similar 
results have been observed whenever the testing stimulus 1s 


supramaximal. 
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Fig. 9. Effect of long pulses on the excitability of the electroplaque. Date: 
12/2/54. A: the test stimulus (0.4 msec) was threshold and elicited the response 
illustrated in this record. B to I: a rectangular pulse lasting 22.5 msec caused a 
spike followed by a maintained depolarization of 31 mV. In these records are 
shown the responses produced by the test stimulus at different times after the 
initial spike. Cal: 100 mV and 1000 eyeles. 


The sudden increase of the transmembrane potential at 
the end of the long pulse is followed by an immediate depres- 
sion of the excitability of the preparation as shown in G, 
H and I. The long latency of the second spike in I demon- 
trates that the inhibition is present even 10 msee after the 
end of the pulse. The time course of this depression is 


ee 
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similar to the time course of the refractory period determined 
by the usual procedure. In this particular case (G to rit 
is longer than the refractory period shown in B to F, because 
without the summation of the catelectrotonus the testing 
stimulus is threshold. It will be recalled that an increase of 
the transmembrane potential should decrease the ‘‘sodium 
inactivation’’ described by Hodgkin and Huxley (’52b). The 
record F also shows that in the experimental condition of 
figure 9 a sudden increase of the transmembrane potential 
rapidly cuts the developing spike. A satisfactory explanation 
of this fact has not been found, but evidently the return to the 
normal resting potential does not determine, in this situation, 
an increase of the membrane permittivity to sodium. 

When the prolonged depolarization surpasses 40 to 50 mV, 
only small and short activity is elicited by even the strongest 
testing shock. Finally, when the transmembrane potential is 
kept at zero or the inside of the cell positive in respect to the 
outside, no responses are observed. 


DISCUSSION 


The small resistance of the innervated membrane may 
appear exceptional. Other excitable membranes usually have 
resistances hundred or more times higher. For example, in the 
squid axon the resistance is about 1000 ohm/em? (Cole and 
Hodgkin, ’38-’39), in sepia axons it varies between 1400 and 
31,700 (Weidmann, ’51), in crab nerve from 2000 to 16,000 
(Hodgkin, ’47a), and in frog muscles from 650 to 9500 
ohm/em?2 (Katz, ’48). However, it must be recognized that 
the magnitudes measured in this work and by Keynes and 
Martins-Ferreira (’53) correspond to the lowest limit that 
can be expected. Probably the real value is higher by a factor 
of one hundred or more. The surface of the innervated mem- 
brane consists of innumerable small digitations. Its real area, 
therefore, is considerably greater than that assumed in the 
evaluation of the current density. This anatomical feature 
appears as a successful functional adaptation of the electric 
organ. Cox et al. (’46-’47) observed currents amounting to 
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1A during the discharge of an intact fish. The area of a cross 
section of the eel is about 30 em2, therefore 33 mA/cm? flowed 
across the whole body. Probably the current density in the 
electric organ was even higher since its specific resistance 
is smaller than that of the surrounding muscles and of the 
connective tissue. A high internal conductance is a funda- 
mental requirement, otherwise a significant part of the avail- 
able energy would be expended during the discharge as heat. 
Even if the resistance of the membrane per cm? were relatively 
high, its effective resistance would be markedly decreased due 
to its enormous area. This disposition may also account for 
the extremely strong current that may flow through the 
membrane without detectable damage to the latter. 

These considerations indicate that caution is necessary in 
evaluations of the absolute resistance. On the contrary, the 
relative resistance, i.e. its value when current flows inwards 
compared to that when it flows outwards, or its modifications 
in different ionic environments, are accurate to the degree 
of the measuring instrument, because during an experiment 
the area of a given electroplaque is constant. The current 
flowing through the preparation could be accurately measured 
to 0.05 mA and the voltage drop across the membrane to 
1mV. These limits were set arbitrarily by the amplification 
used in the recording instruments and not by the method 
itself. Therefore, extremely small variations of the membrane 
resistance may be measured. 

It is usually assumed that the outward current caused by 
long stimulating pulses is transported by K and the inwardly 
directed by Na. Negative ions, like Cl, apparently do not play 
an important role; this conclusion is sustained by experiments 
(to be published) performed with solutions free of Cl. Pre- 
viously, Hodgkin and Huxley (’52a) had reached the same 
conclusion in investigations performed on squid axons. The 
lack of rectification suggests that the mobility of Na and K 
in the membrane may be the same. This seems surprising 
since it has been widely accepted that the permittivity of 
the membrane to Na at rest is much lower than that to K. 
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An alternative interpretation may be that a fixed proportion of 
the same ion species transports the current in both directions, 
although the mobility of the different ion species in the 
membrane may be different. The proportion should be a 
function of the ionic concentration in the membrane itself 
(Teorell, °53). 

Proof has been presented in results that the resistance 
of the membrane increases two or threefold when the electro- 
plaque is kept depolarized after the spike subsides. The 
records of figure 5 show that a constant current displaces 
the transmembrane potential from the end of the spike to the 
completion of the stimulating pulse by a magnitude which also 
remains constant. Therefore, in the experimental conditions 
described, the resistance of the membrane during the falling 
phase of the spike is equal to the value measured at the end 
of the stimulating pulse. This increased resistance indicates 
that the ionic permeability of the membrane is lower during 
the falling phase of the spike compared to its permeability 
at rest. It might be recalled that Hodgkin and Huxley (’52a) 
observed in squid axon an outflow of K ions during the 
decaying phase of the action potential. This outflow may not 
be significant or present at all in the electroplaque, since an 
increase of the ionic flux certainly would not decrease the 
membrane resistance. It might be noted that these experi- 
ments were performed with the current flowing outwards 
through the innervated membrane. It tended to push out of 
the cell positive ions, therefore changes in permeability to 
K should be particularly noticeable. 

The increase in the membrane resistance is sufficient to 
explain, at least qualitatively, the falling phase of the spike. 
More data on this decrease of permeability will be offered 
in a subsequent paper. 

Hodgkin and Huxley described that, in squid axon, a 
depolarization of 830mV maintained for 20 to 40 msec. leads 
to the disappearance of the inward sodium current caused by 
stimulation. This fact was interpreted by them as a de- 
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monstration of the so-called ‘‘inactivation process’? (Hodgkin 
and Huxley, ’52b). In the electric eel a depolarization of this 
magnitude does not modify the response of the cell, and what 
appears more significant, does not prolong the refractory 
period. The opposite should occur according to the mentioned 
theory. 

It was described above that after the end of a long cathodal 
pulse, the cell is in a state of refractoriness for a certain time. 
It is tempting to correlate this cathodal depression with the 
refractory period, as has been done in nerve fibers by Erlanger 
and Blair (’31). The actual electrical recordings correspond 
closely and their time course in a given cell is the same. 
Figure 9 shows that in appropriate conditions it is possible 
to elicit spikes immediately before a long stimulating pulse 
comes to an end. Therefore, it cannot be argued that a 
prolonged state of ‘‘inactivation’’ is the cause of the newly 
appearing refractoriness. Moreover, an increase of the in- 
ternal negativity of the cell back to the normal value, should 
cause according to Hodgkin and Huxley an increased per- 
meability to sodium. In summary, it is apparent that in the 
electroplaque may not exist an outflow of K ions during the 
falling phase of the spike. Furthermore, the ‘‘inactivation 
process,’’ if present, seems to have quite different character- 
istics from the process described in squid axon. The explana- 
tion of Hodgkin and Huxley (’52c) on the mechanism that 
determines the refractory period in squid axon, does not seem 
to account for the correspondent period in the electroplax of 
electric eel. 

SUMMARY 


1. A preparation of isolated electroplax free of all ex- 
traneous tissues is described. It may be mounted between two 
silver electrodes and the whole innervated membrane may 
be stimulated simultaneously with a current of measurable 
magnitude. In this condition the whole membrane discharges 
and a stationary action potential is produced. Propagated 
spikes may be elicited by exciting a discrete region by ap- 
propriate electrodes. 
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2. The average resting potential is 81 mV. 

3. The average magnitude of the action potential when 
the preparation is kept in air, is 154 mV irrespective whether 
the spike is propagated or stationary. When the preparation 
is immersed in standard saline solution the action potential 
measures about 20 to 30mV less. The latter condition was 
that used in previously published work. 

4. The transmembrane potential is increased and may 
be kept indefinitely at the same level when a weak current 
flows inward through the membrane. If the current is strong, 
the transmembrane potential is not constant and increases 
with time. 

do. A small current of long duration (22.5 msec) directed 
outwardly causes a depolarization (catelectrotonus) which 
may be maintained indefinitely at the same value. When the 
resting potential is decreased about 30 mV a spike is produced. 
During the existence of the superimposed electric field, the 
action potential is somewhat higher and longer than the 
control. After the spike subsides, the transmembrane potential 
remains at a level proportional to the density of the current 
applied. 

6. The interior of the electroplaque may be made increas- 
ingly positive in respect to the extracellular fluid, until no 
added potential due to the spike is observed. If the latter is 
caused by the inward diffusion of Na, this procedure should 
measure the equilibrium potential of this ion. Its magnitude is 
20 to 30 mV higher than the spike magnitude. 

7. If the depolarization produced by a long rectangular 
pulse (22.5 msec) is threshold, a short test stimulus elicits 
activity immediately after the initial spike subsides, although 
the cell remain depolarized. A refractory period not longer 
than that determined by conventional short stimuli is observed 
in this situation. The end of the long depolarizing pulse is 
followed by an immediate decrease of the excitability of the 
cell (posteathodal depression) that again lasts as much as the 
refractory period. The increase in transmembrane potential 
at the end of the depolarizing pulse, cuts down any activity 
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existing at this moment, including action potentials in process 
of developing. 

8. The average resistance of the membrane at rest is about 
6.4 ohm/cm?; immediately after the end of the spike it is 
12.7 ohm/em? and remains at this value as long as the 
membrane is kept depolarized. In the discussion it is shown 
that this latter magnitude probably is the same as the resis- 
tance of the membrane during the decaying phase of the 
spike. 

9. The increased resistance of the membrane during the 
decaying phase of the action potential is interpreted as 
evidence that in the electroplaque no significative outflow of 
K ions occurs during this phase of the spike. 

10. Some observations are described on the so-called ‘‘sod- 
ium inactivation process’’ (Hodgkin and Huxley). The evi- 
dence described indicates that if this process occurs in the 
electroplaque, it has quite different properties from the 
‘‘sodium inactivation process’’ observed in squid axon. 
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THIRTY-FOUR FIGURES 


It has been shown experimentally that various antimalarial 
compounds, which produce certain distinct pharmacological 
effects on the vertebrate phase of the malarial parasite, pro- 
duce comparable effects on the invertebrate phase of the same 
parasite. Thus, sulfadiazine, chlortetracycline (Aureomycin) 
and oxytetracycline (Terramycin), and chloroguanide (Palu- 
drine), which are designated as prophylactic compounds, 
since they prevent development of the schizogonous cycle of 
Plasmodium gallinaceum when they are administered to the 
vertebrate host Gallus gallus, also prevent development of 
the sporogonous cycle of the same parasite when they are 
administered in adequate concentrations to the invertebrate 
hosts Aedes aegypti and Anopheles quadrimaculatus (Terzian, 
Stahler and Weathersby, ’49; Terzian, Stahler and Ward, 
52; Terzian, Stahler and Miller, 53). As a consequence 
of their activity in preventing development of some specific 
phase of the sporogonous cycle in the mosquito host, these 
compounds produce, in addition, characteristic degenerative 
changes in the parasite. It is the purpose of this study to 
demonstrate these comparative morphological changes, as 
they occur in vivo. 

1The opinions or assertions contained herein are the private ones of the 


writer and are not to be construed as official or reflecting the views of the 
Navy Department or the naval service at large. 
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MATERIALS AND METHODS 


In these experiments, laboratory strains of the mosquito 
A. aegypti, maintained at a constant temperature of 80° F. 
and a constant relative humidity of 75%, were infected by 
allowing them to feed on young chicks previously inoculated 
with sporozoites of the 8A strain of P. gallinaceum. The drugs 
used in this study were added in appropriate concentration 
to 4% sugar solutions used as the standard maintenance diet 
for infected mosquitoes in this laboratory. Drug administra- 
tion was begun 72 hours before the infective blood meal and 
continued through the period of observation. 

To trace the development of the parasite and to determine 
the effects of the drugs, the infected mosquitoes were dissected 
on the appropriate days, and the stomachs removed and 
suspended in physiological saline solution for microscopic 
examination. The parasites were photographed im situ with 
a 35 mm camera mounted on the microscope with a micro-ipso 
attachment, with the regular optical system, consisting of a 
90 X oil immersion lens and an 8 X ocular, and the regular 
lighting system. In general, not more than 20 minutes elapsed 
from the time a specimen was dissected until it was photo- 
graphed. 

For purposes of orientation as to the size of the parasites, 
which were all photographed at the same magnification, it 
may be noted that the mature oocyst shown in figure 8 
measures 60 1 at its widest diameter. In determining the age 
of the parasite the day of the infective blood meal is considered 
to be day zero. 


RESULTS AND COMMENTS 


The normal cycle of development of P. gallinaceum in A. 
aegypti is shown in plate 1. In depicting the various develop- 
mental stages of the parasite, no attempt was made _ to 
photograph any of the forms less than 48 hours old. Prior 
to that time not enough of the infective blood meal has been 
digested and consequently the stomach contents make it almost 
impossible to discern the parasites on the stomach wall. In 
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addition, there is no evidence that any of the drugs used in 
these experiments has any discernible effect on these earlier 
parasite stages. At the end of 48 hours, however, enough 
blood has been digested to provide clear areas on the stomach 
wall so that the parasites can be clearly distinguished. At 
the end of 72 hours the blood has almost always been com- 
pletely digested and the parasites are no longer obscured 
by any stomach contents. 

Forty-eight hours after the infective blood meal the para- 
sites, now encysted on the outer wall of the stomach, are still 
fairly small. The protoplasm is clear and transparent, and the 
small pigmented granules are scattered irregularly through the 
cell (fig. 1). At 72 hours the most evident change, aside from 
the slight increase in size, is the beginning aggregation of the 
scattered granules into one small area (fig. 2). It is of interest 
to note, however, that one of the granules, which at this stage 
resembles the other granules, appears to have nevertheless, 
an identity distinct from the rest since it continues to remain 
apart after the others have been clumped together for some 
time. This granule, which for convenience of reference will 
be hereafter designated as the k-granule, is distinguishable 
in all three parasites shown in figure 2. At about 82 hours 
(fig. 3) the granules have clumped together a little more 
closely, and at the same time it would appear as if the 
k-granule, which is still apart from the others, has undergone 
some form of division for in most cases it now more nearly 
resembles a pair of cocci lying side by side. That the k-granule 
may be qualitatively different from the other granules is 
further borne out by occasional observation of this granule 
in a state of motion like that of Brownian movement. During 
such intervals, which have lasted for as long as 30 minutes, 
the aggregated granules remain entirely motionless while 
the k-granule bounds around within a small, circumscribed 
area. The parasite, meanwhile, has increased a little more 
in size, and during this stage it undergoes a very transient 
phase, characterized by the middle parasite in figure 3, during 
which the protoplasm becomes somewhat opaque and granular 
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in appearance. By day 4 (fig. 4) the protoplasm is again clear 
and almost transparent in appearance, while the granules 
have become still more closely clustered together. It is still 
possible to distinguish the apparently doubled k-granule and, 
oftentimes in certain individuals, to find it in motion indepen- 
dently of the other granules. Such a doubled k-granule 
appears in the parasite on the right in figure 4 slightly to 
the right of the main group of granules. During the next 
24 hours the parasite grows rather rapidly so that by day 5 
(fig. 5) it has increased appreciably in size. The granules 
are now so closely aggregated in an irregularly shaped mass 
as to be scarcely distinguished as individual particles. At the 
same time, the k-granule, which is still evident in some of the 
parasites, appears again as a single particle. During this 
stage it is rarely in motion and it disappears entirely soon 
thereafter. During this stage also, extremely tiny droplets, 
similar in optical properties to lipoidal droplets, appear 
throughout the protoplasm of the parasite. By the sixth day 
(fig. 6) the parasite has reached about maximum size and in 
most cases the granules are no longer discernible. The proto- 
plasm has now an opaque quality, and in addition to the tiny 
droplets, a considerable number of large droplets with similar 
lipoidal-like optical properties are seattered throughout the 
parasite. Shortly after this stage the protoplasm undergoes 
further differentiation, and starting around the periphery of 
the cell, cytomeres begin to form, as shown in the parasite 
on the left in figure 6. By the seventh day (fig. 7) the eyto- 
meres are fully developed and it appears as if each cytomere 
has formed around, or is in some manner associated with, 
a single, large lipoidal droplet. By day eight (fig. 8) the 
cytomeres have given rise to the characteristic whorls of in- 
numerable sporozoites, and the parasite is fully mature. 
Shortly thereafter the oocyst membrane ruptures, the sporo- 
zoites are released into the coelomic cavity, and from there 
they migrate within the next 24 hours to the salivary glands of 
the host to complete the invertebrate phase of their develop- 
mental cycle. This description of the sporogonous cycle of 
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P. gallinaceum in A. aegypti has been necessarily detailed 
because the mosquito phases of the various avian malarial 
parasites have been almost entirely neglected since the classi- 
cal description by Grassi (’00) of the sporogonous cycles of 
the human malarias. 

The effects of sulfadiazine on the developmental cycle of 
P. gallinaceum are shown in plate 2. Administered in the 
diet of the mosquito in a concentration of 0.2%, the effects 
of sulfadiazine are not clearly evidenced until day 4 (fig. 9). 
On that day it becomes obvious that the growth of the parasite 
has begun to be retarded so that in size it is no larger than a 
normal 82 hour old oocyst. By day 8 (fig. 10) whereas most 
normal parasites have reached maturity, the parasites of the 
sulfadiazine treated mosquitoes are only slightly larger than 
normal 4 day old oocysts. At the same time, small lipoidal-like 
droplets begin to appear through the protoplasm. During 
the period between day 4 and day 8 particularly, it is not 
uncommon to see the pigmented granules in many of the 
parasites bounding around in a kind of movement previously 
described, in the case of the k-granule, as similar to Brownian 
movement. In this case, however, the movements are much 
more violent and energetic, and moreover, it is more common 
for almost all or all the granules to be in motion, rather than 
for only a single granule to be moving. It is of interest to note, 
too, that in spite of their vigorous movements the granules 
do not separate, but continue to remain together as a group, 
and retain the same position within the parasite. This fact 
would appear to indicate that the granules are not lying free 
within the protoplasm but are in reality enclosed within a 
well defined membrane. 

By day 10 (fig. 11) the degenerative changes are specific 
and distinct. There is some slight increase in size but now the 
granules are much more tightly packed together and form a 
denser mass than ever appears to be the case in normal oocysts. 
In addition, the protoplasm of the parasite is studded with 
innumerable small, lipoidal-like droplets, and an occasional 
large droplet with similar refractile properties. The parasite 
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continues to increase in size and by day 18 (fig. 12) the 
pigment has usually disappeared. Characteristically, the pro- 
toplasm now contains a number of the large lipoidal-like drop- 
lets, and in addition, there are occasionally present large, 
amorphous opaque areas similar to that in the upper parasite 
of the two shown in figure 12. By day 22 (fig. 13) there is little 
further morphological change except that there are a few 
more large droplets, and some of intermediate size, a fact 
which may be interpreted to indicate that the large droplets 
form by coalescence of the small ones. At this time, too, 
the parasite as a whole presents a pale and ghost-like appear- 
ance and in a few individuals the protoplasm begins to 
shrink away from the cell wall. In spite of the increasing 
evidences of morphological degeneration, however, the para- 
site continues to increase in size and by day 32 (fig. 14) it 
may be as large as a normal mature oocyst. By this time, 
however, the protoplasm, still containing the characteristic 
droplets, has shrunken away from the cell wall entirely and 
is concentrated in the center of the cell as an amorphous 
mass. The parasites persist on the stomach wall and have been 
observed there for as long as 45 days after the original 
infective blood meal. By that time, however, they have com- 
pletely deteriorated and in many cases the remaining cell 
contents have formed into shapeless brown masses occasion- 
ally resembling the so-called black spores sometimes found in 
ordinary infections. 

The morphological effects of chlortetracycline on the sporo- 
gonous cycle of P. gallinaceum, which are quite distinct from 
the effects produced by sulfadiazine, are shown in plate 3. 
Administered in a concentration of 0.02%, the effects of 
chlortetracycline are first discernible on day 5 (fig. 15). By 
that time it is evident that growth has been significantly 
retarded while the protoplasm of the cell has acquired a more 
dense and granular appearance than that of a normal oocyst 
of comparable size. The parasite continues to grow so that 
by day 5 (fig. 16) it has increased appreciably in size. At the 
same time, however, the coarseness and granularity of the 
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protoplasm is further intensified, and it is possible, too, 
on occasion to discern in very faint outline what may be either 
a vacuole, or the previously suggested membrane now modified 
by the activity of the drug, surrounding the pigmented gran- 
ules. The exact nature of this structure remains to be 
determined, but by day 10 (fig. 17) it is clearly evident and 
characteristic of the effect of chlortetracycline, as contrasted 
to the effects produced by sulfadiazine. At the same time, 
large, irregularly outlined, opaque areas appear in the parasite 
in addition to a great many of the typical, small lipoidal-like 
droplets. By day 12 (fig. 18) the fatty droplets are far 
less conspicuous and considerably reduced in number. The 
structures surrounding the granules continue to persist, how- 
ever, even though the granules themselves appear to have 
become smaller and less prominent. During the period between 
day 5 and day 12, in many of the parasites the granules 
are found bounding energetically in a manner similar to 
that observed in sulfadiazine treated parasites. This char- 
acteristic movement of the main group of granules, which 
has been observed only very rarely in apparently normal 
oocysts, where the movement was far less energetic than that 
commonly observed in drug treated parasites, has been ob- 
served, as well, in parasites treated with oxytetracycline, and 
with chloroguanide, as in parasites treated with sulfadiazine, 
and with chlortetracycline. It appears not unreasonable to 
assume that this phenomenon may represent some change in 
protoplasmic viscosity or a pathological diversion of energy 
away from the normal metabolic pathways of the parasite. 
By day 20 (fig. 19) the granules and their surrounding 
structures have disappeared completely in the course of 
the general deterioration of the cell protoplasm which has 
been taking place. During this period, a large part of the cell 
contents shrink away from the cell wall, later separating from 
the cell wall entirely to form a somewhat amorphous but well 
defined mass of protoplasm like that shown for oxytetracycline 
in figure 26. Again, it is of interest to note, as with sulfadia- 
zine, that in spite of the breakdown of all the cell constituents 
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the parasite continues to increase in size and to maintain a 
kind of abortive development. By day 32 (fig. 20) the parasite 
has deteriorated to a shrunken cell containing a kind of non- 
descript material which can be scarcely termed protoplasm, 
and again, as in the case of sulfadiazine, the cells are gradually 
filled with a light brown crystalline-like mass occasionally 
resembling black spores. 

The effects of oxytetracycline, administered in a concentra- 
tion of 0.2%, reproduced in plate 3, are quite similar to the 
effects produced by chlortetracycline. By day 6 (fig. 21) the 
growth of the parasite has been obviously retarded and the 
protoplasm shows the same coarsening effect. By day 8 (fig. 
22) the coarse granularity of the protoplasm is quite pro- 
minent and irregularly shaped opaque areas appear through- 
out the cell. The membranous or vacuole-like structure sur- 
rounding the main group of granules, similar to that produced 
by the effects of chlortetracycline, is characteristically present 
by day 10 (fig. 23), and at the same time the opaque areas 
are rather large and prominent. The structures surrounding 
the granules are still faintly discernible in some of the para- 
sites on day 14 (fig. 24) while the lipoidal-like droplets, which 
had begun to appear around day 10, are quite conspicuous 
and scattered in large numbers throughout the protoplasm. 
There is little further change by day 18 (fig. 25) except 
that the granules and their surrounding structures have 
disappeared and the parasite has increased slightly in size. 
By day 24 (fig. 26) however, the parasite has increased even 
further in size, and the deteriorated protoplasmic mass has 
shrunk away from the cell wall entirely to form the body 
shown in figure 26. It is not possible to continue observations 
on mosquitoes maintained on 0.2% oxytetracycline any longer 
because very few of the treated mosquitoes survive much 
beyond this time on so high a dosage regimen. 

In view of the structural similarity of chlortetracycline 
and oxytetracycline (Regna, ’52) it is not entirely unexpected 
that both compounds produce almost identical inhibitory and 
morphological effects on the parasite. It is of interest to 
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note, however, that at the same time chlortetracycline and 
oxytetracycline produce well defined but directly opposite 
physiological effects on the host. Thus, whereas chlortetra- 
cycline markedly increases the susceptibility of A. aegypti to 
infection with P. gallinaceum, oxytetracycline increases the 
resistance of this host just as significantly to infection with 
the same parasite (Terzian, Stahler and Ward, ’52; Terzian, 
Stahler and Miller, 53). These facts would appear to indicate, 
therefore, that these compounds are capable of reacting with 
more than one biological system and that the qualitative nature 
of the reaction, and its consequent physiological effect, will 
depend upon the specific organism involved. On the other 
hand, it may be noted also that within any one organism the 
activity of these compounds appears to be limited to a 
single mechanism or system. Thus, sulfadiazine, chlortetra- 
cycline and oxytetracycline, and chloroguanide are effective 
only against a certain transient phase of the oocyst stage of 
the sporogonous cycle, and are completely ineffective against 
the gametocyte, gamete, zygote, ookinete, late oocyst, and 
sporozoite stages of the same cycle (Terzian, Stahler and 
Weathersby, ’49). 

The effects produced by chloroguanide on the sporogonous 
cycle of P. gallinaceum, which differ again from the effects 
produced by sulfadiazine, and chlortetracycline and oxytetra- 
cycline, are shown in plate 5. Chloroguanide, admininistered 
in 0.02% concentration, affects an earlier phase of the oocyst 
than do either sulfadiazine or the antibiotics. Thus, on day 
4 (fig. 27) it is already evident that growth of the parasite 
has been arrested. On this day it is only slightly larger 
than a normal 48 hour old parasite, and furthermore, whereas 
in normal parasites the granules have already formed an 
aggregate, the granules in most of the chloroguanide treated 
parasites are still scattered throughout the protoplasm. By 
day 5 (fig. 28) the morphological effects of the drug are more 
clearly evident. All except one or two of the granules are 
clustered together in a compact mass and are found lying on 
the periphery of the vacuole-like structures which have begun 


288 LEVON A. TERZIAN 


to form around them. By day 7 (fig. 29) the parasite has 
grown to about the maximum size it attains on this regimen. 
At the same time, the optically refractile droplets of varying 
size begin to appear throughout the protoplasm, while the 
protoplasm itself appears coarser and more granular. There 
is not much further change by day 8 (fig. 30) but by day 
10 (fig. 31) the droplets and vacuole-like structures are 
larger, more numerous, and scattered more prominently 
throughout the protoplasm. By day 14 (fig. 32) the proto- 
plasm has undergone further deterioration, and in most cases, 
has a coarse, frothy appearance, although droplets and the 
vacuole-like structures are still evident in some of the para- 
sites. The granules, meanwhile, are clumped together in a 
small, compact mass. By day 20 (fig. 33) even though the 
droplets and vacuoles have disappeared entirely during the 
progressive deterioration of the protoplasm, the granules 
continue to persist, still tightly clumped together. At the 
same time, it is possible to find sometimes one, and sometimes 
two granules, apart from the main aggregate of granules. 
By day 32 (fig. 34), aside from the remnants of granules 
which still persist, there is little left to differentiate, and the 
parasite has a pale, empty appearance. It is not possible to 
extend observations much beyond this time since very few 
mosquitoes survive longer on this drug regimen. 


It has already been shown by physiological means that 


sulfadiazine and chloroguanide produce their inhibitory ef- 
fects on P. gallinaceum through different mechanisms (Ter- 
zian, Stahler and Weathersby, ’49). It may be reasonably 
assumed that the kind of morphological change produced 
in the parasite by a particular drug is determined by the 
specific mechanism through which its effects are manifested. 
In that case, these observations lend further confirmation 
to the conclusion that sulfadiazine and chloroguanide produce 
their effects through independent mechanisms, and indicate, 
further, that the antibiotics chlortetracycline and oxytetra- 


—— 
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cycline, inhibit the developmental cycle of P. gallinaceum 
through still another biochemical mechanism. Thus, although 
sulfadiazine, chlortetracycline and oxytetracycline, and chloro- 
guanide, all produce the same pharmacological effect by 
arresting oocyst development, nevertheless, each produces 
that effect through an individual, specific mechanism. 


SUMMARY AND CONCLUSIONS 


1. It has been shown that sulfadiazine, chlortetracycline, 
oxytetracycline, and chloroguanide, all inhibit the normal 
development of the malarial parasite Plasmodium gallinaceum 
when administered to the mosquito host Aedes aegypti. The 
morphological changes which occur in the parasite in vivo, 
as a consequence of the activity of these compounds, have 
been described in detail, and are demonstrated in photo- 
micrographs which accompany the text. 

2. The observations on normal and on drug treated para- 
sites suggest that one of the pigmented granules, designated 
as the k-granule, is distinct from the main group of pigmented 
granules. Evidence has been presented, also, which suggests 
the presence of a membrane surrounding the main aggregate 
of granules. 

3. In addition to the morphological changes which occur in 
drug treated parasites, it has been observed that during 
certain intervals the pigmented granules move energetically 
with a Brownian-like motion. It has been suggested that 
this phenomenon may represent some change in protoplasmic 
viscosity or a pathological diversion of energy away from the 
normal metabolic pathways of the parasite. 

4. Finally, in view of the fact that sulfadiazine, the anti- 
biotics chlortetracycline and oxytetracycline, and choroguan- 
ide, each produce a unique kind of morphological change in 
inhibiting development of the oocysts of P. gallinaceum, it 
has been suggested that each of these compounds produces its 
effect through an individual, specific mechanism. 
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1G ININD, AL 
EXPLANATION OF FIGURES 
Figures 1 to 8 inclusive. The normal developmental cycle of Plasmodium 


gallinaceum in Aedes aegypti from the early oocyst stage to the stage of 
sporozoite formation within the mature oocyst. 
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PPA 2 


EXPLANATION OF FIGURES 


Figures 9 to 14 inclusive. The morphological changes produced by sulfadiazine, 
administered in 0.2% concentration in the diet of A. aegypti, on various stages 
of the sporogonous cyele of P. gallinacewm. 
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EXPLANATION OF FIGURES 


Figures 15 to 20 inclusive. The effects of ¢ 
in 0.02% concentration to 4. aegypti, on the sporogon 
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PLATE 4 


EXPLANATION OF FIG 


Figures 21 to 26 inclusive. The effects of | 
0.2% concentration to A. aegypti, on the sporogonous ¢ 


296 


RUG EFFEOTS ON P. GALLINACEUM PLATE 4 
LEVON A. TERZIAN 


‘ 


Figures 27 to 34 inclusive. The effects of chloroguanide, 
concentration to A. aegypti, on the sporogonous cycle of 
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PHOTORECOVERY FROM THE EFFECTS OF 
ULTRAVIOLET RADIATION IN 
THH ALBINO MOUSE! 


ALVIN F. RIECK? AND STANLEY D. CARLSON 
Department of Physiology, Marquette University School of Medicine, 
Milwaukee, Wisconsin 


THREE FIGURES 


The phenomenon of photorecovery (Kelner, °49) from 
ultraviolet radiation damage has been shown to occur in 
many forms in the animal and plant kingdoms. It was first 
demonstrated in vertebrates by Blum and Matthews (752) 
after repeated doses of ultraviolet, but later Rieck (754) 
showed photorecovery to occur in the developing forelimb of 
Amblystoma after single exposures to ultraviolet light. The 
present paper reports two aspects of this phenomenon of pho- 
torecovery in the albino mouse; apparently the first example 
in a mammal. 

EXPERIMENTAL 


The experiments to be discussed below were carried out on 
316 young male albino mice of the Rockland strain. The 
weights of each animal ranged from 13-16 gm at the begin- 
ning of the radiation period. The technique for exposing the 
mice to the ultraviolet was essentially the same as described 
by Blum, Kirby-Smith and Grady (741). The highest dosage 
was approximately 1.6 x 10° ergs per cm* of radiant energy 
of wavelengths 0.313—0.200 up for each exposure. The time for 
each exposure was about 35-40 minutes. 

‘This investigation was supported in part by a grant from the American 
Cancer Society, Milwaukee County Division. 

2 Scholar in Cancer Research of the American Cancer Society, Inc. 
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Each of the animals was exposed to the radiation 5 days 
each week (Saturdays and Sundays excluded). One-half of 
the animals were kept in darkness between each exposure, 
whereas, the other half were exposed to ‘‘visible”’ Ulumina- 
tion between each radiation period. Controls were kept for 
both light and darkness with no deleterious effects in either 
situation. For the visible illumination banks of three 20W 
‘‘daylight fluorescent’? lamps were placed 35cm above the 
animals. The mice were kept in plastic cages covered with 
44 mesh hardware cloth. This setup gave essentially 
shadowless light on the backs of the animals. Only a few 
animals were placed in each cage to keep huddling to a mini- 
mum. 


Differences in death rate 


To determine the existence of the phenomenon of photo- 
recovery one of the criteria was the difference in death rate 
of animals kept in darkness as compared to animals exposed 
to visible illumination between each exposure. The results 
of 5 separate series are shown in figure 1. This histogram 
shows the percent of mice surviving in each group at the end 
of a 20 day period after the beginning of radiation. When all 
series are considered collectively and submitted to an analysis 
for homogeneity — the significance of the difference of the 
number surviving in the light groups as compared to the dark 
groups is at the 0.1% level of significance. However, in group 
2 the difference is of doubtful significance. The animals in 
group 1 and 2 were subjected to a lower dose of about 4 & 107 
erg/em? for each exposure. 

In all experiments, except series 0, there were always ani- 
mals from both the light and dark groups living up to 45 days 
after the beginning of the radiation. The curves for survival 
of a typical experiment are shown in figure 2. These curves 
show that the death rate was higher and occurred earlier when 
animals were kept in darkness between each exposure to radi- 
ation (curve ITD) than when kept in constant light between 
each dose of ultraviolet (curve TIL). The point of particular 
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interest in these curves is the point at which the survival re- 
mains constant for the remainder of the experiment. This 
precise leveling off was observed only at the lower doses 
used, however, at higher doses there also was a definite break 
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EXPERIMENTAL GROUP 


Fig. 1 This histogram gives the results for five separate series of experi- 
ments, Dosage for groups 0, III and IV was 1.6 X 10° ergs per cm? and 4 X 10° 
ergs per cm* for groups I and II. The number of animals in each group varied 
from 20-30 in each light and dark group for each series. The percent surviving 
mice is taken at the end of 20 days after the beginning of radiation for each 
group. 


% SURVIVING MICE 


Fig. 2. Survival of mice which received 4 X 10° ergs per em’ per exposure of 
ultraviolet given in repeated doses 5 days a week. This is the curve from a typical 
experiment. The leveling off continued for 45 days at which time the experiment 


was terminated. 
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in the curves corresponding to a much lower death rate In 
the latter phase than the former rapid death rate. The point 
is that those animals kept in darkness reached this point of 
continual survival sooner after the beginning of radiation, 
but at a lower percentage of survival than the animals kept in 
continuous light between each exposure to radiation. This has 
been interpreted to indicate that the response of the skin by 
an excessive thickening of the epidermis occurs much more 


‘ 


, 
o, 
, a 
Fig. 3. These photographs show the difference in ear damage from ultraviolet 
radiation under various conditions. The mouse in ‘‘a’’ received no ultraviolet 
radiation, The animal in ‘‘b’’ was exposed 5 days per week with each dose of 
1.6 X 10° ergs per em?’ for 32 separate exposures. This animal was kept in light 
between each exposure. The mouse in ‘‘c’’ was given the same amount of radia- 
tion at the same times as ‘‘b’’ but kept in darkness between each exposure. 


rapidly when a period of enhanced recovery with visible illu- 
mination does not intervene between each exposure period. 
This would render the skin effectively opaque to the ultra- 
violet and would not allow the penetration to the site of dele- 
terious effects. 

The second criterion whereby photorecovery ean be demon- 
strated in mice is damage to the ears. The photographs in 
figure 3 show the marked difference in ears under the various 
experimental conditions. Those animals which remained in 
darkness between the exposures to ultraviolet radiation ex- 
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hibited a much greater damage than those which were kept in 


light. More detailed studies of this phenomenon are being 
done at present. 


SUMMARY AND CONCLUSIONS 


The foregoing results are interesting in view of the fact that 
Blum et al. (’49) were not successful in demonstrating photo- 
recovery in human skin. However, the high dosage and repeti- 
tive exposures utilized in the present experiments were prob- 
ably the key for demonstrating photorecovery in the albino 
mouse. 

The two criteria for measuring photorecovery in this report 
were clear and were dependent on the condition of light or 
darkness subsequent to each exposure to ultraviolet radiation. 
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THREE FIGURES 


INTRODUCTION 

In previous papers (Wiersma, ’47, 749, ’52a) it has been 
shown that single fibers can be isolated in the esophageal 
commissures of the crayfish, Cambarus clarkii, which, on stim- 
ulation, cause various body movements. It was observed that 
such movements are not limited to the contraction of one mus- 
cle, or even to those of one body segment, but that widely 
separated regions may be involved (Wiersma, ’52b). The 
clearest example of this type of connection is provided by the 
medial giant fibers, for it ean be shown that a single impulse 
in one of them causes muscular contractions from the head 
to the tail. Part of the svnapses involved have been studied, 
and it was found that these giant fibers make similar synapses 
with motor fibers in all abdominal ganglia while continuing 
their course (Wiersma, ’47; Robertson, 53). 

The present paper will offer evidence that when the course 
of impulses caused by sensory stimulation is studied, a pic- 
ture is obtained of the structural connections, which in many 
respects mirrors that of the motor side. At present it is still 
unknown how far the two types of approach overlap each 
other. It may well be that a number of fibers, previously found 
to cause motor effects are here represented as reacting to 
certain sensory stimuli. 

The data considered in this article deal with only part of 
the total number of fibers with known reaction to sensory 


1 This investigation was performed under Grant G34 from the National Sei- 


ence Foundation. 
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stimulation. But the larger task of locating and defining as 
many as possible of the 2000 or so axons in each esophageal 
commissure is still in its beginnings. 

Previous work by Prosser (34a, b, ’35) has shown that by 
using the commissures in toto, impulses can be led off in them 
on stimulation of the eyes, the caudal eye, antennae, anten- 
nules and uropods of both sides, and of the homolateral legs. 
These observations have been confirmed, but the reported 
absence of reaction to stimulation of heterolateral legs and 
swimmerets must be contradicted. 

The selection of the commissures for these experiments was 


based on technical considerations, and this choice has both. 


advantages and disadvantages. As they are located between 
the two most important ganglia of the body, they will contain 
a greater number of each variety of axons. But it should be 
realized that the necessary preparation always interferes to 
a larger or smaller extent with the blood supply, especially 
that to the head. Since synaptic transmission is sensitive to 
oxygen lack (Wiersma and Ramos, ’53) there is without doubt 
an interference by this factor which will be the more severe 
the more links are present in the neuronal chain. Hence a 
selection of the data towards more simple chains must have 
resulted as a consequence of the experimental circumstances. 


METHODS 


The cireumesophageal commissures have been exposed in 
two ways. In the dorsal approach, which was previously used 
(Wiersma, ’38), the greatest part of the cephalic carapace 
up to the cervico-thoracie groove is removed, sparing only a 
small ventro-lateral strip. The stomach with the attached 
midgut gland, and the green glands are taken out. After dip- 
ping the preparation in crayfish physiological saline solution 
(van Harreveld, ’36) the mandible muscles are cut at their 
tendons and the tissues and blood vessels running above and 
at the side of the commissures are removed. The preparation 
is then left submerged in saline for 15 minutes in order to re- 
place the blood in the cireulatory system with saline. The dor- 
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sal approach offers the advantage that no major sensory 
areas are interfered with, that the animal can subsequently be 
mounted in the normal position, and that the dorsal surface 
of the abdomen can readily be stimulated. The disadvantages 
include severe interference with the circulation of the head, 
interference with the supply of fluid to the heart, and great 
inconvenience in stimulating the appendages. 

In the ventral approach the animal is mounted on its back. 
The mouth parts and maxillipeds are removed at their bases. 
A small cut in the most lateral part of the carapace permits 
the removal of the mandibles. The contents of the stomach, 
which is left in situ, are aspirated with a medicine dropper to 
prevent digestive juices from escaping. The chitenous bridge 
joining the bases of the antennas, the green glands, and the 
blood vessels running along the side of the commissures are 
removed. The preparation is submerged in saline for 15 min- 
utes. The advantages of this approach are that there is a 
smaller amount of interference with the circulation of the 
head, the heart is always completely bathed in perfusion fluid 
during the experiment, stimulation of the appendages both 
in and out of the bathing fluid can be easily performed, and 
only relatively minor sensory areas are difficult to stimulate. 
The disadvantages are the removal of the major sensory area 
formed by the mouth parts and the unnatural position in which 
the preparation is mounted for the duration of the experi- 
ment. 

In order to split the commissures into fine bundles of axons, 
the preparations are mounted with the commissures lying just 
beneath the surface of the perfusion fluid. The preparation 
is mounted with the aid of a springy brass saddle which fits 
over the carapace and can be attached to a holder. For the 
dorsal approach the holder used is a slender slotted flat rod 
which can be clamped; for the ventral approach it consists 
of a heavy base plate also with a slot lying on the bottom of 
the vessel with fluid. The brass saddle is fastened with a bolt 
and nut in the slots. 
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In preparing the commissure a horizontal slit was first made 
with a sharpened steel needle, producing a dorsal and a ven- 
tral part. The sheath is peeled from both parts, which are 
then split into major bundles. The localization of these 
bundles in the commissure is determined by the relative sizes 
of the two parts and their orientation with respect to the giant 
fibers, of which especially the medial ones are easily spotted 
in every preparation. The major splits are noted on a cross- 
sectional diagram of a ‘‘standard’’ commissure. However, 
since both the shape of the cross section and the location of 
the giant fibers show appreciable variation from animal to 
animal (Wiersma and Turner, ’50) such localization can only 
be approximate. Furthermore, even in a preparation that is 
‘standard’? in these respects, the location of any specific 
axon is still sometimes abnormal. When subsequent sub- 
bundles are prepared their localization is again attempted but 
becomes less and less reliable as splitting continues, because 
of twisting of the bundles. During the experiment the other 
commissure can be either cut or left intact; in the majority 
of cases to be described there was no noticeable difference in 
the results between these two procedures. 

Usually only two types of stimulation have been employed: 
the slight touch of hairs of the body surface or the manipula- 
tion of joints of body parts. In certain eases it is very difficult 
to decide which type of stimulation brings about the activity 
observed; for example, it is almost impossible to touch the 
hairs on the flagellum of the antennas or antennules without 
bending the joints. The only other type of stimulus used to 
any extent has been stimulation of the eyes with light. 

The impulses from bundles were led off with one electrode 
immersed in the perfusion fluid, and the other holding the 
bundle above the fluid level. As long as the bundle is intact, 
the resulting action potentials are polyphasic and small. After 
the bundle was considered small enough to obtain a clear 
record from the axon selected, it was cut at one end. Di- 
or monophasic potentials were then obtained, which were of 
considerable magnitude, provided the bundle was thin in 
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relation to the axon. A serious disadvantage of cutting the 
bundle was that repetitive discharges may originate from 
the cut end, which sometimes continued for a considerable 
time. Even when these discharges were absent under resting 
conditions, any movement of the fluid around the nerve 
bundle as well as any slight stretch by lifting the bundle 
further out of the water was sometimes sufficient to elicit 
them. These phenomena, though interesting in themselves, 
are possible sources of error, since mechanical stimulation 
anywhere on submerged parts of the preparation is apt to 
cause fluid movements. Hence it is always necessary to be 
certain that the impulses recorded do not originate in this 
way, and a number of preparations had to be discarded for 
this reason. 

The impulses were magnified by a preamplifier, which led 
to both an audio-amplifier with loud speaker and a Dumont 
dual beam cathode ray oscillograph. Records were made 
with the aid of a Dumont camera. The results are based on 
the preparations obtained in more than 300 crayfishes. 


RESULTS 


When the whole commissure is placed intact on the elec- 
trode there is always considerable ‘‘spontaneous’’ activity 
in a number of fibers (cf. Prosser, ’34a). On splitting the 
commissure, it can be shown that, though such activity is 
rather evenly distributed throughout, by no means all fibers 
take part in it. In bundles in which the discharges of single 
units can be recognized, it is obvious that the frequency and 
regularity of the impulses varies from fiber to fiber. There 
are a few fibers in which distinct bursts are present; in others 
the rhythm changes continually, whereas certain fibers fire 
with an amazing regularity. The study of these fibers is 
still in a preliminary state, and nothing is as yet known about 
their function. Their presence constitutes a drawback for 
the purpose of the present investigation, as it often becomes 
necessary to split bundles into finer ones than would other- 
wise be needed to obtain clear-cut single unit responses. 
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Spontaneous impulses arise both from the brain and the 
body ganglia in different fibers of about equal numbers, as 
can be shown by cutting the bundle in half, and leading 
off from each end. 

The amount of ‘‘spontaneous’’ activity increases with 
aging of the preparation. In some instances a fiber reacting 
first to a given stimulation of a certain receptive field, sub- 
sequently started to give ‘‘spontaneous’”’ impulses. In gen- 
eral, this was observed only with axons, which were difficult 
to activate, e.g., by long-lasting mechanical stimulation of 
the field. This may indicate that the chain involved consisted 
of a number of elements. 

The axons which can be brought into activity by stimula- 
tion differ greatly with regard to the ease with which they 
could be found. An example of axons only occasionally ob- 
tained and then mostly in freshly prepared preparations 
consists of those responding to stimulation of the eyes with 
light. Of these more often ‘‘off’’ than ‘‘on’’ fibers were en- 
countered. The ‘‘off’’ fibers would at first react with a 
considerable burst, which with successive stimuli would grad- 
ually grow shorter and finally disappear. We have noted 
that sometimes ‘‘on’’ fibers would, under similar cirecum- 
stances, change to ‘‘off’’ fibers, and hence were unable to 
decide how fundamental is the difference between the two 
classes. Axons reacting to illumination of the eye have been 
localized in quite different parts of the commissure, and al- 
ways in small numbers. The difficulty in obtaining neurons 
reacting on illumination was most likely due to the compli- 
cated chains involved, and perhaps especially to the high 
oxygen need of the retinal elements and optic ganglia. 

Our main results so far have been obtained without much 
doubt, from intercentral neurons with only a few synapses 
between the sensory fiber and themselves. As a matter of 
fact, some behaved very much as if they themselves might 
be primary sensory axons. These were first found in prepa- 
rations in which practically all other axons had ceased to 
react to sensory stimulation, but after their localization in 
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such preparations, they have subsequently been regularly 
found in fresh preparations as well. They are characterized 
also by reacting with high frequency bursts on stimulation 
of what may well be single sensory end organs, and show 
relatively very high resistance against fatigue. Their num- 
ber is small, though they occur both as fibers running from 
head to body and the reverse. The descending axons of this 
type react solely to stimulation of a few hairs located on the 
second segment of the homolateral antenna. There are about 
5 of these, each fiber responding to the movement of a single 
hair. By no means do they represent all hairs present on 


Fig. 1 Cross section through an esophageal commissure showing the rela- 
tive locations of (M) Medial giant fiber, (L) Lateral giant fiber, (A) Small 
bundle of fibers excited by hairs on second segment of the homolateral antenna, 
and (B) Bundle of fibers excited by hair pits from the homolateral carapace. 


the second antennal segment. The location of the active hairs 
on the segment is fairly constant from preparation to prepa- 
ration, and without exception is on the ventral and lateral 
sides. The axons are small and always run together in a 
single bundle of the commissure. This little bundle is located 
somewhat lateral of the midline of the commissure, and 
rather near the ventral boundary. In figure 1, A indicates 
the approximate location of this bundle. 

Ascending axons of a similar type, which usually stop 
their discharges earlier and are somewhat more fatigable, 
respond to stimulation of single hairpits located on the cara- 
pace. These have been obtained mainly from preparations 
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in which the dorsal approach was used, and hence the hair- 
pits were those of the posterior carapace, but similar axons 
representing the anterior hairpits are most likely present 
also, their axons being located in the same bundle. In one 
preparation 8 fibers responding to hairpits on the posterior 
carapace have been obtained separately. Their total number 
is certainly larger, but probably not large enough to ac- 
count for every hairpit on the carapace. The bundle in which 
they run is located well inside the commissure, medial to the 
midline and underneath the medial giant (see fig. 1). 

Only one other fiber has been encountered in which activity 
can be elicited by the stimulation of such very restricted 
sensory fields. In this case, however, the fiber comports it- 
self as one with a chain of interneurons preceding it, being 
easily fatigable and reacting only on strong stimulation with 
a few impulses. This fiber, located medially to the medial 
giant fiber, responds to stimulation of one or a few hairs 
on the dorsal side of the distal part of the first segment of 
the heterolateral antennule. 

In all other cases the intercentral axons represent larger 
sensory fields as they respond to stimulation of a number 
of sensory endings. These endings are sometimes restricted 
to relative small areas, as for example, the hairs around the 
homolateral eye, but in other cases the receptive fields to 
which one axon responds may be spread over a number of 
body segments. Whereas in the majority of cases in which 
several segments are involved, the axons can be distinguished 
as ascending or descending, there are also undoubtedly some 
which are activated both by stimulation of head and body 
segment areas. 

The best way to describe the results is to consider only 
the fibers which are brought into action by stimulation of a 
selected restricted sensory area, and to enumerate the other 
sensory fields which each of these fibers covers. A total of 
4 sensory areas will be described. Of these, the first case 
has been most completely investigated, and the others, in 
order, less intensively. In addition, considerable information 
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has been collected from other areas, so that the number of 
interneurons with known sensory fields is much larger than 
will be presented at this time. 

In the first case the sensory field consists of the hairs on 
the three distal joints of the homolateral cheliped. Only 
those fibers which have been regularly found will be pre- 
sented. There are almost certainly additional interneurons 
which react also to the stimulation of this area. In no in- 
stance has it yet been possible to obtain them all in the same 
preparation. Their identities were established only after 
finding them in different combinations in different prepara- 
tions. The majority of them are found lateral of bundle 
A of figure 1. Though all 8 axons to be described reacted to 
the stimulation of hairs anywhere on the three segments of 
the claw, it cannot be directly proved that in each case the 
same hairs were involved. It would be possible to ascribe 
the results obtained to the stimulation of 8 groups of hairs, 
well intermingled over the whole of the sensory field. Only 
when it could be shown that stimulation of a single hair and 
thus of a single sensory axon resulted in the activation of all 
8 interneurons would it constitute a strict proof of the view- 
point to be taken. However, it is very doubtful that this 
type of axon does ever react to stimulation by a single sen- 
sory fiber and it is certain that under the circumstances of 
the experiment, spatial and temporal summation are both 
necessary (c.f. Prosser, ’85). In no case has there been any 
indication that the same sense organ was not involved in 
obtaining the reaction in the 8 different interneurons, and it 
seems, therefore, likely that there is no division into groups 
in the periphery, but that each sensory axon makes con- 
nections with a number of interneurons in the ganglia. 

The following interneurons were found to react to stimu- 
lation of hairs on the three distal segments of the cheliped: 

1. An homolateral interneuron specific for this area, that 
showed discharges upon stimulation of hairs anywhere 
within this field, but never from any stimulation of other 
parts of the body surface. 
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9. An homolateral interneuron which had the same re- 
ceptive field on the claw, but which could also be brought 
into activity by stimulation of the homologous three seg- 
ments of the other four thoracic legs on the same side. 

3 An homolateral interneuron that reacted to stimulation 
of hairs all along the cheliped and in addition to those, all 
along the homolateral thoracic legs. 

4. An homolateral interneuron reacting to hairs on the 
whole cheliped, as well as to all those on all other homolateral 
body appendages, including the swimmerets and uropods. 

5 and 6. In each commissure one axon activated by stim- 
ulation of hairs on any appendage (Note: these fibers most 
likely also collect from the head appendages, but this point 
is not established with certainty). 

7. In the heterolateral commissure a fiber that collects 
from all hairs of the body appendages at the same side as the 
claw under consideration. 

8. An homolateral interneuron which had the most in- 
teresting distribution of sensory fields, since it was activated 
only from the three distal segments of the claw, the homo- 
lateral second and third leg and from the distal three seg- 
ments of the second heterolateral thoracic leg. In this case, 
there is still some doubt that the heterolateral cheliped is to 
be excluded, but if reactions from it can be obtained, the 
threshold is much higher than in the other legs. 

In figures 2 and 3, examples are given of simultaneous leads 
from two of the 8 axons. In figure 2 the interneuron (no. 1) 
reacting solely to the distal claw segments is compared with 
axon no. 2, reacting to stimulation of the same area on all 
3 homolateral thoracic legs. In figure 3 axon no. 1 of another 
preparation is compared to interneuron no. 8, the one react- 
ing on stimulation of the first three homolateral and the 
second heterolateral legs. In figure 3D it is shown that the 
first heterolateral leg failed to elicit a reaction in this prepa- 
ration. 

It is rather remarkable that so far no interneuron has been 
found which reacts to a more limited sensory field on the 
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Fig. 3 Simultaneous records from two intercentral axons. The upped record 
is from the axon which responds to stimulation of hairs on the distal segments 
of legs 1, 2 and 3 homolateral and 2 heterolateral. The lower record is of the 
axon responding to stimulation of hairs on the three distal segmeuts of the 


homolateral cheliped. Responses on stimulation of hairs of (A) Homolateral 


cheliped, (B) Second homolateral leg, (C) Third homolateral leg, (D) Hetero- 
lateral cheliped, (E) Second heterolateral leg, Notice a tendeney of the fiber 
of the homolateral cheliped to discharge without actual stimulation of the 
hairs. This may be caused either by involuntary stimulation, or deterioration 


of the preparation which gives ‘‘spontaneous’’ 


impulses in many fibers. 
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claw than that provided by the hairs on the three peripheral 
segments of the cheliped. This is the more striking because 
for reflexes it makes a great deal of difference which sub- 
areas are stimulated. Thus, touching the hairs on the inside 
of the dactylopodite causes the claw to close, whereas stimu- 
lation of the outside causes it to open. But in none of the 8 
fibers is there an appreciable difference in the discharges 
resulting from the stimulation of these two areas; they re- 
spond to both with about equal facility. Though this seems 
highly unlikely, it is possible of course, that there are one or 
more interneurons which react specifically to this difference 
in stimulation since it cannot be claimed that all interneurons 
have been found. It is interesting to note that closing and 
opening of the claw can be performed when the cheliped 
ganglion is isolated. It may be that these reflexes are com- 
pletely segmental in nature, and the brain not directly in- 
formed of their occurrence. Secondarily, such information 
might reach the brain by way of proprioceptive impulses set 
up by the muscular contractions, since there is some indica- 
tion of interneurons in the commissure that react differen- 
tially to opening and closing. 

A number of other axons reacting to stimulation of hairs 
on lees are not represented in the above summary, since they 
do not include the sensory field of the last three segments of 
the claw. By selecting another receptive field of leg hairs 
a similar array of axons representing that field could be 
made. The number of fibers would be smaller, but whether 
this would be of significance is not yet known, as the other 
areas have been less intensively investigated. 

A seeond set of interneurons selected for description re- 
acts to movement of joints instead of hairs. Selective stim- 
ulation by moving one joint in one direction is very difficult 
to realize. Experiments made on peripheral nerves of Ho- 
marus in which single axons were prepared in the meropodite 
have illustrated this difficulty.2 Whereas there are always 

2The experiments on lobster legs were carried out in the Laboratory of Com- 


parative Physiology, University of Utrecht. 
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several fibers characteristic for moving the joint in one 
direction and others for movement the opposite way, a very 
slight reversal of direction is often sufficient to bring some 
impulses about in the axons which ordinarily do not react 
to the main movement. Also there are indications that some 
fibers are present which seem to react not to continuous 
movement but rather upon vibration of the joint. It is, hence, 
not possible to state with certainty which joint movements 
of a given leg cause impulses in a given interneuron. There- 
fore, the joints of any one leg will be considered together, 
though there is no doubt that central neurons are present 
which distinguish between different movements. The num- 
ber of fibers to be described is certainly smaller than that 
present. Most of these fibers are found to be located around 
bundle A of figure 1. 

When the joints of leg 3 are taken as an example, the 
following fibers involving these have been found: 

1. A fiber representing joints of homolateral legs 2 and 3. 

2. A fiber representing joints on homolateral legs 1, 2 
and 3. 

3. <A fiber representing joits on homolateral legs 1, 2 
3 and 4. 

4. A fiber for joints of all 5 homolateral legs. Fibers 
similar to the last two, but without representation of the 
cheliped have been found. These are perhaps the same as 
3 and 4, since joint stimulation of leg 1 has often a higher 
threshold due perhaps to the difficulty of bending leg 1 
quickly enough. Only by obtaining both types in one com- 
missure could their difference be proven. 

9. A fiber representing homolateral legs 3, 4 and 5. 

6. An axon representing heterolateral legs 1 to 5. 

7. An axon representing all thoracic legs, bilaterally. 

The results thus clearly demonstrate the same principle 
as that found with the hairs on the legs, namely, that certain 
interaxons represent the collected activity of different sets 
of appendages. To show that this general principle of rep- 
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resentation is not limited to the appendages, sensory hairs 
on the abdomen may-next be considered. Here no specific 
sensory area has been worked out well enough as yet to 
permit enumeration of the axons which respond to its stim- 
ulation. Instead a short survey may be made of axons so 
far found, reacting to stimulation of hairs in this region. 
The most limited sensory area represented by one axon is 
located on the dorsal-caudal part of the first segment. This 
area is bilateral, and must thus be represented in each com- 
missure. Another axon, running next to it in the commis- 
sure, reacted to stimulation of the lateral edge of all ab- 
dominal segments. These two fibers had no common area, 
though they were both bilateral. A few axons have been 
found with only a homolateral receptive field, e.g., one spe- 
cific for the fourth segment, another representing segments 
2, 3 and 4. These two fibers can be considered as represen- 
tatives of those with overlapping sensory fields. In contrast 
to the carapace area, the dorsal abdomen does not seem to 
have any axons representing single hair pits. 

In order to show that descending tracts offer the same type 
of representation, some axons responding to stimulation of 
head parts will finally be considered. It may first be stated 
that axons having discontinuous receptive fields seem to be 
rarer for the head than for the body. Without the excep- 
tions mentioned (the hairs from the second antennal joint, 
and the heterolateral representation of one or a few hairs on 
the first joint of the antenulle) all fibers found clearly rep- 
resented a receptive field and not a single end organ. Of 
the rather few fibers which had two or more clearly differ- 
entially located sensory fields, two were better established 
than others. One of these is activated by the hairs on the 
basal joints of the antennae and antennules on both sides, 
while there are certainly other fibers which represent only 
parts of this area. In addition, another fiber responds to 
stimulation of any of the 4 flagellae and here again there are 
certainly fibers specific for each homolateral flagellum. 
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DISCUSSION 


As stated, it is not the intention of this paper i) enumerate 
the functional connections of all nerve fibers in the commis- 
sures. However, since it has been shown that many of those 
found make connections with whole sensory fields, which 
show a remarkable kind of overlapping, it may be well to 
obtain some idea of the numbers participating in this type 
of connection. Of the 2000 fibers found in a commissure, 
counting very small ones as well as larger ones, about 200 
have responded as presumably different active units during 
the course of the experiments. Of these the majority belong 
to the type of fiber which responds to the stimulation of 
numerous sense organs, often located in separated areas. 
Although their total is thus still small with regard to the 
whole commissure, they may form a considerable part of 
the large fibers. The method of preparation certainly favors 
large fibers, since they are the ones easiest to recognize as 
giving single unit responses in nerve bundles. The total 
number of fibers of larger diameter is around 400, and of 
these many must, therefore, belong to this type. 

The occurrence of the relatively few fibers that respond 
as if they were sensory axons is remarkable. With regard 
to the fibers from the dorsal carapace to the brain, which 
have at least passed through the subesophageal ganglion, 
there is no great difficulty in understanding the functional 
purpose in collecting impulses from the unsegmented dorsal 
part of the body in one ganglion for integration, although it 
seems strange that this should happen in the brain. More 
difficult to explain is the lack of integration in the brain 
evidenced by the fibers from the hairs on the second antennal 
joint. Nevertheless, in this instance the functional property 
of peripheral sensory axons is most pronounced. 

Interneurons representing sensory fields of limited di- 
mensions are to be expected. Most likely they are also pres- 
ent in many other types of animals and their function is not 
difficult to imagine. Such neurons will convey impulses from 
a limited sensory area, provided that enough temporal and 
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spatial summation takes place at their synapses with the 
sensory fibers, and hence relatively unimportant local ex- 
citation will be prevented from reaching other than the first 
integrating center. 

However, the presence of neurons which react to sensory 
fields located in different body segments needs further con- 
sideration. At present, it is unknown whether these neurons 
are segmental and thus run only between two adjacent gang- 
la or form through pathways. In the first case, they would 
resemble the lateral giant fibers and collect sensory stim- 
ulation in their own segment in addition to impulses from 
a similar neuron in the adjacent segment. In the latter case, 
they would, like the medial giant fibers, be single neurons 
running through many ganglia and collect impulses in sev- 
eral or all of these. If they are segmented, the synapses 
between them must be very efficient in all tested for this 
purpose. It was observed, for instance,.that it was not pos- 
sible, in the axon responding to stimulation of hairs on the 
5 homolateral legs, to fatigue the response on the 5th leg 
by exhaustive stimulation of the second leg hairs. There- 
fore, the segmental synapses, if present, must have been 
much less hable to fatigue than the synapses between the 
sensory fibers and the interneuron in the second leg ganglion. 
If the intersegmental synapses were, like those of the lateral 
giant fibers, of the one-to-one type, fatigue would be slight, 
and this type of transmission would also account for the 
fact that there is no obvious difference in obtaining impulses 
in this interneuron on stimulation of the different legs. 

In the future, it may be possible to analyze further the 
functional significance of the interneurons by stimulating 
the isolated axons in the commissures. Until then their funce- 
tional importance remains one of speculation. It seems pos- 
sible that they are parts of specific reflex arcs, and that those 
with overlapping sensory fields would govern allied reflexes. 
' To give an example, touch of hairs anywhere on the homo- 
lateral appendages of the body might gainfully be followed 
by backward movement of the antenna, in order to further 
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investigate the cause of stimulation. Stimulation of that 
nerve fiber would then give rise to contraction of the ap- 
propriate antennal muscles. When the stimulation arose 
from the last three segments of the cheliped, it might be 
that, in addition, eye muscles come into play, so that the 
source of the disturbance could be visualized. But one would 
have to find similar explanations for all other interneurons 
of this type, and especially in the case of the interneuron 
reacting to stimulation of the three anterior thoracic legs 
combined with the second heterolateral leg, it is not easy to 
find a meaningful reflex relayed through the brain. 

Another type of speculation can be based upon the pres- 
ence of different interneurons all reacting to the stimula- 
tion of one sensory field. If an input and an output system 
are given separated by some considerable distance, the num- 
ber of connecting lines should, advantageously, be as small 
as possible. It can be shown that one can obtain a specific 
reaction of an output unit to a specific input signal most eco- 
nomically by connecting a number of lines to the great 
majority of input points. The greatest economy results when 
all input points are connected to a number of lines, and each 
line to a constant number of input points. The larger the 
number of input points, the larger is the saving in lines. 
In the commissure we now find, on the one hand, representa- 
tion of many sensory fields by one axon and, on the other, a 
number of axons reacting to the stimulation of any sensory 
field. In this way it would be possible that the brain would 
be able to ‘‘localize’’ a stimulus, though no ‘‘private’’ line 
was present from the place stimulated. 

However, it should be realized that the latter condition 
does not seem to be fulfilled. Many axons seem to be pres- 
ent, which represent in this sense ‘‘private’’ lines, like the 
one for the distal three segments of the claw. On the other 
hand, there are lines, which represent what may be consid- 
ered as all input points, such as the one representing all 
hairs on all body appendages. Only future research can show 
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how far the above analysis may have functional significance. 
It would seem, however, that the fundamental requirements 
for it are present, and that it may be worthwhile to consider 
models, based upon these properties. 


SUMMARY 


By leading from small bundles, prepared from the esopha- 
geal commissures, it is possible to obtain single unit respon- 
ses from interneurons. Not all axons may be part of inter- 
neurons, since a small number react like axons of sensory 
neurons in that they have a very restricted receptive field 
and a high frequency discharge. This paper is mainly con- 
cerned with the responses to sensory stimulation of inter- 
neurons in which there is clear response to stimulation of 
certain sense organs, but the response is of lower frequency 
and easier to fatigue than in sensory axons. Many of these 
interneurons react to large and not necessarily adjoining 
sensory fields, often located in different segments of the 
body. Among these neurons different classes can be dis- 
tinguished according to the type of sensory stimulation to 
which they respond. The two classes, best studied, were the 
interneurons responding to touch of hairs and ‘‘proprio- 
ceptive’’ sense organs in joints. In these further distinctions 
can be made with regard to the number and the location of 
receptive fields to which each interneuron responds. It is 
shown that one receptive field ean elicit impulses in several 
interneurons, which are distinguished from each other by 
the location of the additional sensory fields from which they 
also collect impulses. 

Any given sensory stimulation would thus, depending on 
the area stimulated, bring into action a specific set of inter- 
neurons, the pattern of these interneurons and not neces- 
sarily the specific action of any one, being specific for the 
area stimulated. 

Implications of this type of sensory representation are 


discussed. 
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A CORRELATED BIOCHEMICAL 
AND HISTOCHEMICAL STUDY OF SUCCINIC 
DEHYDROGENASE ACTIVITY IN 
THE GASTRIC MUCOSA OF 
THE RAT AND FROG! 


RAMON VILLARREAL? AND MARIO H. BURGOS? 
Department of Anatomy, Harvard Medical School, Boston, Massachusetts 


NINE FIGURES 


This study is concerned with the possibility of a direct cor- 
relation between the secretory functions of the gastric mu- 
cosa, and the metabolic activity of its cellular constituents. 
Since succinic dehydrogenase has been found to be concen- 
trated in the gastric parietal cells (Padykula, ’52), it was 
possible to investigate whether there is any relationship be- 
tween enzyme activity and the secretion of hydrochloric acid 
by these cells. Parallel histochemical and quantitative chem- 
ical studies were made on gastric mucosa of both rats and 
frogs in which acid secretion had been stimulated as well as 
upon normal controls. Acetyl-beta-methyleholine (Mecholyl!) 
was used in rats to stimulate the gastric secretion, whereas 
sodium salyrganate (Mersalyl) was used to inhibit it. Hy- 
drochloric acid secretion was stimulated in frogs by hista- 
mine, a drug to which the frog, but not the rat, is particularly 
sensitive. 

MATERIAL AND METHODS 

Rats. Albino rats of the Sprague-Dawley strain, weigh- 

ing 200 to 250 gm, were fasted for 18 to 24 hours before use. 
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The control animals received a subcutaneous injection of 1 ml 
isotonic saline one hour before killing. Other animals re- 
ceived a parasympathomimetic drug, acetyl-beta-methyl- 
choline (Mecholyl, Merck) which is known to stimulate gas- 
tric secretion in the rat. The dose was 2 mg per 100 gm body 
weight, also administered in 1ml saline. Rats were sacri- 
ficed one hour later. Still other animals received a mercurial 
compound containing the sodium salt of salyrganic acid 
(Mersalyl) one hour before receiving Mecholyl. The Mer- 
salyl was prepared freshly by adding enough 0.1 M sodium 
hydroxide to dissolve the crystalline salyrganic acid; the pH 
was adjusted to 7.6. One milliliter containing 5 mg per 100 gm 
body weight was injected. 

The rats were killed by a blow on the head. The stomach 
was removed and the forestomach discarded. For histochem- 
ical study a small block of the fundic region was frozen im- 
mediately at 70°C. by placing it in a vial immersed in a 
mixture of 80% aleohol and CO,-ice. The remainder was 
weighed and used immediately for the chemical determina- 
tion of the enzyme. 

The biochemical determinations. The biochemical de- 
terminations, according to the method of Padykula (753), 
were carried out by homogenizing the entire gastric wall in 
water with an electrically-driven glass homogenizer for three 
minutes. The chemical determination of enzyme activity was 
made by measuring the amount of reduced neotetrazolium 
which was formed in the presence of sodium succinate as 
substrate and of cyanide as a ketone fixative for the oxalo- 
acetate formed and as an inhibitor of cytochrome oxidase. 
The medium contained 2 ml of sodium phosphate buffer (pH 
7.6), 1ml of 0.1% aqueous neotetrazolium,! 1ml of 0.2M 
aqueous sodium succinate,® 1ml of 1% potassium cyanide 
and one drop of 0.048 M calcium chloride. To this mixture 
1ml of the stomach homogenate (containing approximately 


*Neotetrazolium Chloride, from General Biochemical, Ine., Laboratory Park, 
Chagrin Falls, Ohio. 


* Sodium succinate, from Fisher Scientifie Company. 
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00mg wet tissue) was added. Incubation was earried out 
for 60 minutes at 37°C. at pH 7.9 to 8.0. The formazan de- 
rivative produced by the reduction was extracted with ethyl- 
acetate and measured spectrophotometrically at 550 mu. 

For the histochemical studies, the frozen blocks of gastric 
mucosa were sectioned at 10 u in a cryostat, mounted on un- 
coated slides and, without drying, incubated according to 
the method given below for the demonstration of succinic 
dehydrogenase activity (Seligman and Rutenberg, 51, as 
modified by Padykula, ’53, and Rosa and Velardo, 754). 

The histochemical method. Thirty milliliters of each of 
the following were placed in a 125 ml Erlenmeyer flask: 0.1% 
aqueous neotetrazolium, 0.2 M aqueous sodium succinate, 
0.1 M sodium phosphate buffer (pH 7.6); plus 1 ml of 0.048 M 
calcium chloride and 27 ml of distilled water. In the control 
medium, 30ml of distilled water were substituted for the 
30ml of sodium succinate. The solution was boiled to re- 
move oxygen. Then, while the solution was still hot, 1 ml 
of distilled water containing 20mg of potassium cyanide 
was added. The final pH was 7.8. The flask was stoppered 
immediately, cooled to 37°C. by holding it under running 
tap water, and placed in a 37°C. water bath. Incubations 
lasted 30 to 60 min. after incubation, the sections were trans- 
ferred to 10% neutral buffered formalin for 30 to 60 min., 
and were then washed in distilled water and mounted in 
glycerol. 

In addition, the inhibitory effect of Mersalyl on the suc- 
cinic dehydrogenase activity of the fundus of the rat’s 
stomach was studied in sections. Fresh frozen sections, 10 u 
thick, were placed for 15 minutes in the usual incubating 
medium containing 0.4 M Mersalyl (24 mg per 100 ml). Some 
of these sections were then rinsed in water and incubated 
a second time for 30 minutes in a medium containing dimer- 
captopropanol (BAL) at a concentration of 4.9M (0.1 ml 
per 100ml). Control sections were incubated in the usual 
medium, some being rinsed after 15 minutes and then in- 
cubated again for 30 min. 
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Frogs. In another set of experiments, frogs (Rana p- 
piens) were used. One group of frogs was untreated. An- 
other group of animals received an injection of histamine 
phosphate (250 yg/100 gm body weight) in the dorsal lym- 
phatic sac, 45 minutes before they were killed. The animals 
were pithed, the stomach removed and the gastric mucosa 
gently stripped off. Both the histochemical and chemical 
determinations of succinic dehydrogenase activity were car- 
ried on the gastric mucosa only. The pH of the gastric con- 
tent was grossly estimated with pH paper. 

For ordinary histological preparations, samples of rat 
and frog stomachs were fixed in Helly’s fluid, these were em- 
bedded in paraffin, sectioned at 5u and stained with chrome- 
alum-hematoxylin and phloxine or hematoxylin and eosin. 


RESULTS 
Rats 


Biochemical determinations. The data obtained for suc- 
cinic dehydrogenase activity in the three groups of rats are 
summarized in table 1. On the average, enzymatic activity 
was nearly 5 times greater in the rats treated with Mecholyl 


TABLE 1 


Succinic dehydrogenase activity of the rat stomach as affected by administration 
of Mecholyl and Mersalyl-Mecholyl 


TREATMENT ENZYME ACTIVITY 
Control 40 + 0.4 * 
(9) 
Mecholyl (IR Gyse Shey 
(10) 
Mersalyl-Mecholyl 62 + 2.6 
(6) 


Results expressed in micrograms of reduced neotetrazolium per 50 mg wet tissue. 
The mean value is followed by the standard error. * The difference between the 
control and Mecholyl mean values is statistically highly significant, t value 6.01, 
= te OMI, 

The figures in parentheses indicate the number of rats used. 
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than in the controls. In those treated with both Mersalyl 
and Mecholyl it was about one and a half times the control 
values. 

Histochemical results. In the unstimulated rats enzyma- 
tic activity was roughly limited to the middle region of the 
gastric mucosa with the reactive parietal cells in the deeper 
part of the glands relatively widely separated (fig. 3). With 
the incubation periods employed only scattered granules of 
formazan occurred in the chief cells of the gastric glands 
and little activity appeared in other tissues of the gastric 
wall. After administration of Mecholyl the mucosa became 
markedly thickened and the enzymatic activity of the parietal 
cells was much increased (fig. 4). The activity of the chief 
cells was also somewhat increased. Figure 6 illustrates a 
similarly stimulated mucosa incubated for only 30 minutes 
instead of one hour. When sections of stimulated rat gastric 
mucosa were incubated in a medium containing Mersalyl 
enzymatic activity was completely inhibited (fig. 5). Sections 
which were reincubated in a medium containing BAL showed 
partial recovery of activity. 

Figures 1 and 2 represent the rat’s gastric mucosa, before 
and after stimulation by Mecholyl as revealed in paraffin 
sections stained with chrome alume-hematoxylin and _ phl- 
oxine. The chief cells are darkly stained whereas the parietal 
cells are pale. These figures are presented for comparison 
with those illustrating the enzymatic reactions. 


Frogs 


Biochemical determinations. After histamine injection, 
enzymatic activity was doubled (table 2). That stimulation 
of acid occurred was manifested by a drop in the pH of the 
gastric content, which invariably was below 2.0 in the frogs 
that received histamine, whereas it was always above that in 
the controls. 

Histochemical results. The frog’s gastric mucosa showed 
marked succinic dehydrogenase activity in the parietal cells 
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(fig. 8). After histamine injection the activity of these cells 
appeared even greater (fig. 9). Figure 7 shows a normal 
control section of the frog’s gastric mucosa, stained with 


hematoxylin and eosin, for comparison. 


TABLE 2 


Succinic dehydrogenase of the frog gastric mucosa as affected by 
administration of histamine 


TREATMENT pal senche ENZYME ACTIVITY 
Control 8 196 

(9) 
Histamine 3 444 

(9) 


Results expressed in micrograms of reduced neotetrazolium per 50mg of wet 
tissue. 
The figures in parentheses indicate the number of frogs used. 


DISCUSSION 


Tetrazolium salts as indicators of dehydrogenase activity 
are tools of established usefulness. If an excess of succinate 
is furnished as substrate for the reaction, much of the form- 
azan formed is believed to be related to the presence of 
succinic dehydrogenase (Seligman and Rutenberg, 751; 
Shelton and Schneider, ’52). 


Succinic dehydrogenase is an enzyme that catalyses the 
-2H 


reaction of succinic acid as fumaric acid and forms part of 
+2 


an important step in the oxidation of pyruvie acid through 
the tricarboxylic acid eyele. 

The parietal cells of the gastric mucosa give an intense 
reaction for succinic dehydrogenase, indicating that, for un- 
known reasons, the activity of this enzyme is concentrated 
in the acid-forming cells. The chemical data presented here 
reveal that this activity increases when gastric secretion 
is stimulated. 

Noteworthy among the morphological findings observed 
in the course of this study are the increase in the thickness 
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of the gastric mucosa in the stimulated animals, and the in- 
crease in width of the region of succinic dehydrogenase ac- 
tivity. Both an increase in cell volume and in the number 
of reactive cells is apparent. 

According to current concepts the hydrogen ions of the 
gastric Juice are derived from water, perhaps by a process 
of ‘‘membrane hydrolysis’’ at the intracellular canaliculi of 
the parietal cell (Hollander, ’52). This process undoubtly 
requires a great amount of energy, of which at least part 
is probably furnished through glycolysis (Davenport and 
Chavré, ’51). Furthermore, it has been suggested by Davies 
(751) that the passage of hydrogen ions within the parietal 
cell from a low acidic to a high acidic region may be accomp- 
lished through a hydrogen and electron transfer system 
which could be fumarate-succinate-cytochrome ec. These facts 
should be taken in consideration on evaluating our results. 

It is known that the activity of a great number of enzymes, 
such as various dehydrogenases and oxidases, is dependent 
upon the active form of their -SH groups (Barron, ’45); 
maintenance of this group is therefore of great importance. 
In our experiments it was found that the activity of suc- 
cinic dehydrogenase was inhibited, both im vivo and in vitro, 
by the mercurial compound, Mersalyl, a finding which sug- 
gests that the effect occurred as a result of a combination 
of the compound with active -SH groups of the enzyme. The 
reversibility of this reaction in tissue sections after treat- 
ment with BAL seems to support this idea. 


SUMMARY AND CONCLUSIONS 


Chemical and histochemical methods were used for the 
assay and demonstration of succinic dehydrogenase activity 
in the fundie gastric glands of rats before and after stimula- 
tion to gastric secretion by acetyl-beta-methylcholine (Mech- 
olyl) and of frogs before and after stimulation with hista- 
mine. 

Succinie dehydrogenase activity is localized predominantly 
in the parietal cells of the gastric mucosa in both species. 
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Enzyme activity increases, both chemically and histochem- 
ically, when the acid secretion of the stomach is stimulated 


in rats by Mecholyl and in frogs by histamine. 

An organic mercurial compound (Mersalyl) inhibits the 
succinic dehydrogenase activity of rat stomach in tissue 
sections but this inhibition can be partially overcome by 
BAL. The mercurial compound reduces the increase in en- 
zyme activity caused by Mecholyl in homogenates of rat’s 


gastric mucosa. 
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PLATE 1 


EXPLANATION OF FIGURES 


All photomicrographs were taken with yellow and green filters combined, 
x 100. 


1 and 2 Sections stained with chrome-alum-hematoxylin and phloxine; to 
illustrate the difference between the normal rat’s gastric mucosa (fig. 1) and that 
of a rat stimulated by Mecholyl (fig. 2). Note that the chief cells are stained 
darkly, whereas the parietal cells, lying predominantly in the middle third of the 
glands, appear lightly stained. In the stimulated animal note the great increase 
in the thickness of the mucosa and the increase in size of the individual parietal 
cells. 


3 and 4 Suecinie dehydrogenase activity after one hour of incubation of 
frozen sections of rat’s gastric mucosa, for comparison of the reaction in the 
parietal cells without (fig. 3) and with (fig. 4) stimulation by Mecholyl. Note 
particularly the great increase in the reaction following stimulation. 
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PLATE 2 


EXPLANATION OF FIGURES 


5 Seetion of gastric mucosa of rat treated with Mecholyl that was incubated 
in succinate medium containing Mersalyl, showing complete inhibition of sue- 
cinic dehydrogenase activity. 


6 Section of the gastric mucosa of a rat treated with Mecholyl, but incubated 
for 30 minutes instead of one hour. Succinie dehydrogenase activity delimits 
the parietal cells more clearly than in preparation incubated for one hour (fig. 4). 


7 Normal fundie region of frog stomach, stained with hematoxylin and eosin. 
The central and deeper portions of the glands are composed principally of 
large pale parietal cells. 


8 and 9 Sections of frog fundic mucosa incubated in suecinate medium for 
30 minutes. Figure 8 shows the reactivity of the stomach of a control animal, 
whereas figure 9 illustrates the inereased reactivity in an animal that had 
received histamine. 
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COMMENTS 
AND 
COMMUNICATIONS 


Comments relating to articles which have recently appeared 
in the Journal of Cellular and Comparative Physiology and 
brief descriptions of important observations will be published 
promptly in this Section. Preliminary announcements of 
material which will be presented later in more extensive form 


are not desired. Communications should not in general exceed 
700 words. 


CYPRIDINA LUCIFERIN LUMINESCENCE WITH 
STRONG OXIDANTS? 


HE. NEWTON HARVEY AND FREDERICK I. TSUJI 
Department of Biology, Princeton University 


In a previous communication (Harvey and Tsuji, ’55) we 
have reported that addition of the hydroperoxides of cumene, 
or tetralin, or tertiary butyl to luciferin dissolved in ethanol 
or in a trisolvent mixture? will result in a luminescence 
readily visible to the dark adapted eye, provided oxygen is 
present. This action of hydroperoxide explains the apparent 


1This research has been aided in part by a grant from the National Science 
Foundation and in part from funds of the Eugene Higgins Trust allocated to 
Princeton University, 

?The upper layer which separates out when 5 parts ethyl acetate, 2 parts 
95% ethanol and 3 parts water (by volume) are thoroughly shaken in a 
separatory funnel. This mixture is used in separation of luciferin by paper 
chromatography. 
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‘‘phosphorescence’’ observed after luciferin dissolved in the 
above solvents is exposed to ultraviolet light from a ‘‘Min- 
eralite’’ lamp (Tsuji and Harvey, ’54). The ultraviolet light, 
acting on impurities in the solvent, forms hydroperoxides re- 
sponsible for a chemiluminescence of the luciferin. Control 
experiments have indicated that ozone formed in air by the 
ultraviolet light plays no part in the luciferin luminescence, 
although ozone passed over the surface of a methanol solu- 
tion of luciferin excites luminescence. 

A large number of peroxides and hydroperoxides, in addi- 
tion to benzoyl and disuccinyl peroxide (Harvey, ’28) and 
the tetralin, cumene and tertiary butyl hydroperoxides (Har- 
vey and Tsuji, 55) previously used, will also cause lumi- 
nescence of an ethanol solution of luciferin. The following 
new compounds * have been tested, all of which excite lumines- 
cence: zine peroxide, urea peroxide, sodium carbonate per- 
oxide, sodium pyrophosphate peroxide, calcium peroxide, 
magnesium peroxide, 25% acetyl peroxide in dimethyl phtha- 
late, and peracetic acid. The light is brighest with peracetic 
acid, acetyl peroxide and sodium carbonate peroxide but exact 
comparisons must await the use of equimolar quantities of 
peroxide. 

The above oxidants are not effective in exciting lumines- 
cence of luciferin dissolved in distilled water, and exposure 
to ‘‘Mineralite’’ ultraviolet light does not induce the apparent 
‘‘phosphorescence’’ of aqueous luciferin solutions. Only addi- 
tion of H,O, has resulted in a faint flash (Harvey and Tsuji, 
04). However, it has now been discovered that if luciferin 
is dissolved in acid water (pH = 2), all the 8 peroxides men- 
tioned above cause luminescence, either a flash of light or a 
long lasting light. The luminescence is brightest with per- 
acetic acid, calcium peroxide, sodium carbonate peroxide and 
urea peroxide, but exact comparisons for intensity and dura- 

*Kindly supplied by the Beeco Chemical Division, Food Machinery and 


Chemical Corporation, Buffalo, New York, to whom we express our sincere 
thanks. 
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tion of luminescence have not been made. We also find that 
the hght with H,O, is-much brighter in acid luciferin solution 
and that sodium peroxide, potassium permanganate and 
potassium bichromate excite a relatively bright luminescence 
(approximately like that in ethanol + hydroperoxide) in 
aqueous acid luciferin solutions, although in no ease can the 
luminescence even approach the intensity of luciferin mixed 
with luciferase in neutral water. Ferricyanide is not effec- 
tive in causing luminescence of an acid luciferin solution. 

The acidity necessary for luminescence in aqueous luciferin 
solution with urea peroxide is about equivalent to 0.01 N 
HCl, a pH of 2. Normal HCl containing luciferin does not 
luminesce when urea peroxide is added, and 0.1 N HCl gives 
only a faint flash, while solutions near neutrality or alkaline 
solutions (pH =9) do not luminesce. 

It has been previously observed (Harvey, ’28) that lumines- 
cence will appear when dried powdered Cypridinae are 
heated to about 70°C. in ethyl alcohol. The ethanol solution 
no doubt contained a peroxide, initiated by light exposure 
and autocatalytically increased on standing. Rise of temper- 
ature to 70°C. was sufficient to increase the velocity of the 
oxidative reaction until the luminescence became visible to 
the eye. A similar effect has now been observed with dried 
powdered Cypridinas placed in dioxane, ethylene glycol, 
ethylene glycol monomethyl ether, 2-2 oxydiethanol, methanol 
and isopropanol. No light appears in solvents like benzene in 
which luciferin is imsoluble. 

When tertiary butyl hydroperoxide is added to the Cypri- 
dina powder in the various warm solvents, the luminescence 
becomes considerably brighter. The luminescence of Cypri- 
dina powder suspended in 100% and 75% ethanol is par- 
ticularly good after adding tertiary butyl hydroperoxide, 
whereas in 50% ethanol, it is only fair. In about 25% ethanol, 
a luminescence of Cypridina powder results from the luei- 


ferase present. 
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Thus Cypridina luciferin can be oxidized with light emis- 
sion in aqueous solution provided it is acid, and in a number 
of other solvents by treatment with strong oxidizing agents, 
although the light intensity is far below that when luciferase 
is present. Tsuji (755) has observed that in paper chroma- 
tography of luciferin the R, values are different for luciferin 
treated with HCl compared with untreated luciferin. It has 
also been well established (Tsuji, Chase and Harvey, 755; 
Tsuji, °55) that the absorption spectrum is different in acid 
and alkali, and that in acid solution luciferin is positively 
charged. In acid, luciferin must be present as a salt and it 
is presumably the luciferin ions which are the light emittors 
in the presence of strong oxidants. 


SUMMARY 


Cypridina luciferin can be oxidized with visible light pro- 
duction in aqueous solution by a large number of strong oxi- 
dizing agents (peroxides, permanganates, ete.) provided the 
medium is slightly acid. 
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THE EFFECT OF DINITRONAPHTOL ON THE 
MEMBRANE POTENTIAL OF THE 
SKELETAL MUSCLE FIBRE! 


W. R. LOEWENSTEIN? AND ALBERT SZENT-GYORGYI 


Wilmer Institute, The Johns Hopkins Hospital and University, Baltimore, 
Maryland and the Institute for Muscle Research at the Marine Biological 
Laboratory, Woods Hole, Massachusetts 


ONE FIGURE 


In a recent paper Barnes and Duff (’54) showed that 
2,4-dinitrophenol causes a strong contracture in the rat di- 
aphragm. At the same time, Hajdu and Szent-Gyorgyi (754) 
obtained a similar result with 2,4-dinitro-l-naphtol, 2,4-di- 
nitrophenol and other aromatic nitro and halo compounds. 
The suggestion was made that the contracture was linked to 
changes of the membrane potential. Direct evidence, how- 
ever, for depolarization was lacking. The present communi- 
eation deals with the alterations in resting potential of 
mammalian and frog muscle fibres induced by 2,4-dinitro-1- 
naphtol. 

Resting potentials of single fibres of the excised frog sar- 
torius and of the isolated rat diaphragm were recorded with 
intracellular microelectrodes (Ling and Gerard, ’49a). In 
each experiment a control and a test muscle were set up and 
readings of membrane potentials were taken alternately. 
Measurements of potentials were made at intervals of 15 
minutes. Five fibres were impaled at random each time and 
the average value was taken. In all experiments dinitro- 
naphtol was used at a concentration of 4 ug/ml. 

Figure 1a illustrates the time course of the changes of the 
membrane potential produced by 2,4-dinitro-1-naphtol in 
frog muscle. Approximately 10 minutes after the application 
of the substance the membrane potential starts to fall. The 

1This research was supported by Armour and Co., Chicago, The Muscular 
Dystrophy Associations, The Association for Aid of Crippled Children and 


The American Heart Association. 
2Fellow of the W. K. Kellogg Foundation. 
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potential declines gradually over a period of 40-80 minutes 
to a level of about 55 mv. No further depolarization follows 
for more than one hour. When resting potentials were fol- 
lowed for a longer time, a second decline was observed about 
three hours after the addition of the drug. Most fibres of 
the test muscle showed complete depolarization after 8 hours, 
whereas the control remained practically unchanged. 


mV 


O— 


MEMBRANE POTENTIAL 


min. 20 40 60 80 100 =: 120 140 160 I80 200 


Fig. 1 Effect of dinitronaphtol on the membrane potential of (a) Frog 
Sartorius (b) rat diaphragm. Solid circles: membrane potentials of test 
muscle, The arrow indicates the moment of application of dinitronaphtol. Open 
circles: control muscle. 


In mammalian muscle the results were essentially similar 
except for the later start in the decline of the resting ie 
tential (fig. 1b). Occasionally a brief period of hyperpolar- 
ization preceded the onset of the potential fall, but no ade- 
quate tests were made to prove the significance of this 
observation. The time course of the depolarization is in 
good agreement with the course of the mechanical changes 
observed by Hajdu and Szent-Gyoérgyi (754). : 
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2,4-dinitrophenol is known to cause dissociation of respira- 
tory hydrogen transfer and phosphorylation (Lippmann and 
Kaplan, ’49). It seems likely that 2,4-dinitro-1-naphtol also 
acts as a decoupling agent. The changes of the membrane 
potential brought about by dinitrophenol resemble those 
caused by iodo-acetic acid (Ling and Gerard, ’49b). Both 
substances cause the membrane potential to drop to an initial 
plateau of about 55 myv., i.e., eliminate the fraction of the 
potential which is supported by metabolism. In nerve a frac- 
tion of the resting potential has long been known to depend 
on oxidative energy sources (c.f. Shanes and Brown, °44: 
and Fleckenstein et al., 50). Recently Hodgkin and Keynes 
(753) reported that dinitrophenol decreases the Na outflux 
to about one-twentieth of its normal value in the giant axon 
of sepia and loligo. It is tempting to suggest that a similar 
reduction in Na outflow may happen in the muscle fibre under 
the influence of dinitro-naphtol. However in sepia axons 
only small changes in resting potentials were observed. 
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THE BLOCKAGE OF MOTOR IMPULSES IN AN 
ASYNCHRONIZED VOLLEY AT THE 
NEUROMUSCULAR JUNCTION 


1, Wk, IMUM 


Department of Physiology, Kirksville College of Osteopathy and Surgery, 
Kirksville, Missouri 


ONE FIGURE 


A motor nerve fiber branches repeatedly to innervate the 
muscle fibers constituting a motor unit. The muscle fibers in 
one motor unit may scatter throughout the muscle (Adrian 
and Lucas, 712; Denslow and Gutensohn, ’50, ’51; Feindel, 
54). The motor nerve fibers will necessarily have their 
branches intermingled with each other. Although there are 
no specific inhibitory fibers in the vertebrate motor nerve, 
from observations of blockage of sensory impulses in the dor- 
sal root ganglion (Dun, ’dla, 754, ’55) it is reasonably ex- 
pected that impulses in some of the motor fibers may never- 
theless be blocked at their bifurcation points by interaction 
from neighboring fibers. The necessary condition is correct 
timing of the two groups of impulses. Merton (751) reported 
that, if a maximal motor volley is made less synchronous by 
applying two stimuli at intervals less than 0.5 msec, the 
mechanical twitch of the muscle becomes smaller and briefer. 
This could be interpreted as supporting the author’s theory 
that both the central inhibition in higher vertebrates and the 
peripheral inhibition in crustacean leg muscles are due to 
blockage of presynaptic impulses by interaction between 
neighboring fibers (Dun, ’51b). However, Merton (54) re- 
ported recently that the reduced muscle twitch is not accom- 
panied by a reduction of the muscle action potential. To 
verify Merton’s observation a series of ten experiments were 
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earried out with frog sartorius nerve-muscle preparations. A 
reduction in muscle action potential was always found to be 
evident at critical intervals between nerve stimuli. 

Figure 1 shows the ac- 
tion potentials of the sar- 
am 9 ae torius m. recorded with the 
33 reference electrode on the 
os pubis and the detecting 
electrode 1 cm away on the 
pelvic portion of the mus- 
cle. The top record was 
obtained when the nerve 
was stimulated submaxi- 
mally at a point 3e¢m away 
from the muscle. The bot- 
tom record was obtained 
when the nerve was stimu- 
lated maximally at a point 
0.5em from the muscle. 
The middle record was ob- 
tained when the two stim- 
uli were apphed together. 
The records were meas- 
ured with a planimeter un- 
der a photographic en- 
larger, and the areas of the 
potentials are given under 
each curve in arbitrary 
units. The muscle action 
potential due to an asyn- 
ehronized volley of motor 
impulses (middle record) 
is shown to be 165 units 
smaller than when the vol- 
ley is synchronized (bot- 
tom record). Since there is 
no reason to assume that 


Figure 1 
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the action potential of individual muscle fibers will become 
smaller when the motor impulses innervating them are less 
synchronous, it is concluded that some muscle fibers were not 
excited when the two stimuli were applied together. The 
cause of the failure is apparently blockage of some of the 
motor impulses before reaching or at the neuromuscular 
junctions. Merton’s negative results might be ascribed to the 
fact that his recording electrodes were on the surface of the 
skin and the muscle he used, the adductor pollicis of the hu- 
man hand, was fairly thick. The action potential so recorded 
would represent the activity of only a very small fraction, 
namely the most superficial layers, of the fibers of the muscle, 
and the reduction in action potential, if occurred in other parts 
of the muscle, would not be recorded. 
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Abstracts of papers scheduled for the tenth 
Annual Meeting,t Marine Biological Labora- 
tory, Woods Hole, Massachusetts, September 9 
and 10, 1955. 


1 Abstracts or summaries of programs of previous meetings will be found in Biol. 
Bull., 91: 236; 93: 222; 95: 281; 97: 267; 99: 308 (1946-50) ; Science, 114: 699 
(1951) and 118: 768 (1953) ; J. Nat. Cancer Inst., 18: 1379 (1953); and J. Cell. 
and Comp. Physiol., 44: 327 (1954). 
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Contributed papers 
WOODS HOLE, SEPTEMBER 9 


ABSTRACTS 


ae DERIVATIVE SPECTROPHOTOMETRY. C. S. French, Carnegie Institution of 
Washington, Stanford. 


Direct measurements of the first derivative of transmission or optical density 
with respect to wavelength appear to be of particular value in the study of minor 
components of mixed absorption spectra. An apparatus has been built for record- 
ing derivative spectra using a slit vibrating between two adjacent wavelengths. 
The derivative measurements of a dilute cytochrome ¢ solution clearly show de- 
tails that are not detectable in the transmission spectrum of the same solution 
measured in the usual way. A yeast suspension transmitting about 4% of the 
incident light showed the reduced cytochrome ¢ bands as a large deflection in the 
derivative spectrum. The utility of derivative measurements depends on the steep- 
ness of the absorption curve for the substance in question. Such measurements ap- 
pear to provide greatly increased sensitivity of detection for certain substances 
with sharp bands. 


2. TRANSIENT OXYGEN EVOLUTION IN CHLORELLA WITHIN A FEW SECONDS AFTER 
ILLUMINATION. Rodney A. Olson, F. 8S. Brackett and R. G. Crickard, Na- 
tional Institutes of Health. 


Recording the O, evolution rate at 3-second intervals with an electronic slope 
“measuring instrument utilizing the principles of the alternating square wave 
platinum electrode method provides character and resolution to minute changes in 
pO, in Chlorella suspensions. The method discloses an immediate burst of oxygen 
evolution on iilumination resolved as a sharp spike under conditions unfavorable 
to an immediate and sustained rate of oxygen evolution. The long induction delay 
of sustained rate imposed by several hours of dark anaerobicity discloses such an 
immediate spike followed by a second and more prolonged burst. The spike, which 
can attain the normal rate of O, evolution, is limited by oxygen concentrations 
below 0.5% but is independent of CO, concentration. Killed cells show no response 
and cells in poor physiological condition show a decreased response. Aerobically 
the initial spike is disclosed in suspensions whose sustained rate is limited by CO, 
concentration (0.5% or less) and is dependent upon immediately preceding dark 
oxidative metabolism of up to 18 seconds duration. Benzaldehyde elevates the CO, 
limited sustained rate both aerobically and anaerobically but has no pronounced 
effect on the spike. Long aerobic induction effected through dark adaptation of 
10 hours or more reveals initial immediate spikes superimposed on the induction 
delay curves, coinciding directly with spikes rendered more completely under these 


conditions by CO, limitation. 
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It is suggested that the spike represents a primary photochemical response lim- 
ited in magnitude and duration (apart from induction effects) by a dark oxidative 
reaction and limited in duration at full magnitude by CO, or a CO, dependent in- 
termediate. 

Correlation with previously reported transients measured by fluorescence, pH, 
CO, and other methods is pointed out and discussed. 


3. MODIFICATION OF X-RAY INJURY TO HYDRA LITTORALIS BY POST-IRRADIATION 
TREATMENT WITH MAGNESIUM SULFATE AND GLUTATHIONE. Helen D. Park, 
National Institutes of Health. 


Adult non-budding hydras were irradiated with 4,500 r of X-rays (50 kv, 50 ma, 
2,700 r per minute) in a dilute solution containing NaCl, KCl and CaCl, The 
hydras were immediately washed in fresh solution and placed in equal numbers in 
the saline, saline + MgSO,, saline + glutathione, and saline + MgSO, + gluta- 
thione. Non-irradiated controls were also run in the four solutions. All hydras 
were fed, changed to fresh solutions and adults and attached buds were counted 
daily for 11 days. The rate of budding in each treatment group was determined. 

In the non-irradiated controls, the number of buds produced was greater in 
saline + MgSO, and saline + MgSO, -+ glutathione than in the saline alone or 
saline + glutathione. In the irradiated hydras the budding rate was greatly de- 
pressed in saline alone or in saline + MgSO, and was progressively increased in 
saline + glutathione and in saline + MgSO, -+ glutathione. The rate in the latter 
mixture equalled the rate in the non-irradiated hydras in saline. 


4, CYTOPHYSIOLOGICAL EFFECTS OF LOW-LEVEL X-IRRADIATION ON AMPHIBIAN 
ERYTHROCYTES. M. A. Lessler and R. C. Grubbs, Ohio State University 
College of Medicine. 


Erythrocytes of Amphiuma, Necturus, and Rana were exposed in vitro to 8r, 
26 yr or 60 r X-irradiation. Animals were bled into heparinized saline and the cells 
washed three times in isotonic saline. Blood samples were kept at 5°C. during all 
procedures of preparation and exposed to room temperature (22-25°C.) only 
during experimental procedures. Control (unirradiated) and irradiated cell sus- 
pensions (hematocrit 33) were poured into plastie dishes to a depth of 2mm. A 
G.E. RB3 100 kvp X-ray tube operated at 20 ma without filters at a target dis- 
tance of 30 em and a dose rate of approximately 140 r/min. provided the radiation 
which was measured directly with an r-meter. 

Microscopic studies indicated that 26 r caused an inerease in the number of irreg- 
ularly shaped cells, cells with folded and ruffled membranes, and in irregular nuclei. 
Cell counts showed a significant decrease in the percentage of ecytologically normal 
cells following 26r and 60r irradiation. Measurements of cell and nuclear size 
indicated little change immediately following 8r and 26r and after storage at 
5°C, for 24 hours. Considerable hemolysis was evident immediately following 26r 
and 60 r but not following 8r. After 48 hours storage at 5°C. hemolysis was still 
evident in the 60 r irradiated aliquot but little or none in the 8 r and 26r aliquots. 


1 This investigation was supported by the Research and Devel ivisi 
Surgeon General, Department of the Army under Contract no. WIE aner ec ee 
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5. SEMI-QUANTITATION OF THE RATE OF SHAPE TRANSFORMATIONS (OF CONSTANT 


VOLUME) OF HUMAN ERYTHROCYTES. J. F. Hoffman, R. H. Collier and M. J. 
Deitch, Princeton University. 


The amount of light transmitted (I) by a stirred suspension of red blood cells 
has been found to depend upon the shape of those cells, provided the cell volume 
and the fraction of light absorbed remains constant. The transition of dises to 
spheres results in an increase in scattered light and a decrease in transmitted light. 
Thus, when I was minimum, the cells were completely sphered. Another measure of 
the asymmetry of the cells was the amplitude of rapid fluctuation in I. This flue- 
tuation was maximal when discs; minimal when spheres. The rate of change of I 
was used as an index of the rate of shape transformation. Where possible, the 
shapes were checked microscopically and were correlated with the value of I. 

Sodium glycocholate, rose bengal and uranyl nitrate in non-hemolytie concentra- 
tions produced sphering followed by spontaneous reversal to dises. Following com- 
pletion of spontaneous reversal, this sequence could again be induced by addition 
of more sphering agent. Plasma completely inhibited the sphering produced by 
these agents. Plasma added after the onset of sphering accelerated reversal. The 
rate of sphering was directly proportional, and the rate of spontaneous reversal 
inversely related to the concentration of sphering agent used. In the case of rose 
bengal, reversal was found to be complete when uptake of the dye was complete. 
The suggestion is offered that the sphere of constant volume is a transient form 
dependent upon the concentration gradient of agent between the membrane and 
the solution phase. 


6. PREHEMOLYTIC STUDIES OF PHOTOSENSITIZED RABBIT ERYTHROCYTES. J. W. 
Green, H. F. Blum?! and A. K. Parpart, Rutgers University, National Cancer 
Institute, and Princeton University. 


Freshly collected rabbit erythrocytes, twice washed in phosphate buffered 1% 
NaCl at pH 7.0 were suspended in concentrations of 0.25 to 0.5 ml of cells per 
100 ml of this solution, Glucose (1 mg per milliliter) and Rose Bengal (1 part per 
million) were added. Irradiation of suspensions was accomplished in a condenser- 
like apparatus, surrounding a conventional 12 W. fluorescent lamp and generally 
did not exceed 30 second duration at 15°C. After irradiation the cells were packed 
centrifugally and 5% suspensions prepared and incubated at 37° and samples for 
analysis were taken at various intervals up to 8 hours. Na and K exchange were 
markedly accelerated in irradiated samples while glucose disappearance remained 
the same or was slightly higher than in the controls, The cation exchange was not 
always equivalent, especially with longer incubation when Na gain exceeded K loss. 
These findings show that Rose Bengal plus light (photodynamic action), exerts an 
effect on the cell surface which results in an increase of its cation permeability but 
is not accompanied by changes in glycolysis. This is interpreted to mean that even 
in actively glycolyzing cells the surface integrity is essential for cation balance. 


1 National Institutes of Health, U. 8. Public Health Service, Department of Health, Educa- 
tion and Welfare, Bethesda, Maryland. 
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7. A PREVIOUSLY NEGLECTED ERROR IN THE MEASUREMENT OF ERYTHROCYTE PER- 
mMEABILITY. M. H. Jacobs, University of Pennsylvania. 


Under certain conditions, in an isosmotic solution of a penetrating solute, the 
product of the permeability constant and the time of hemolysis of a mammalian 
erythrocyte is theoretically equal to 4(V./A) (R?—1), where A is the surface area 
of the cell, V, the initial volume of its water, and R the ratio of the critical hemo- 
lytic water volume, Vy, to V,. Since it is difficult to measure Vy directly, R has 
usually been determined indirectly from the osmotic relation V;,/V. = C./Cn, using 
suitable concentrations of NaCl for the purpose. It now appears that this proce- 
dure may lead to serious errors, the nature of which is shown by photographie 
records of the volume changes of beef erythrocytes in hypotonic solutions of sev- 
eral non-penetrating solutes. With a non-electrolyte such as glucose or an electro- 
lyte having a bivalent slowly penetrating anion, such as Na,SO,, the final degree of 
hemolysis is approximately attained within 15 seconds or less; with NaCl, on the 
other hand, hemolysis may continue for many minutes, and C,/C, may bear no 
simple relation to R, as defined above. These differences seem to be due to slow 
ionie exchanges, which in the case of NaCl considerably alter the original osmotic 
properties of the cells. That loss of HCO, from the cells in exchange for Cl from 
the solution is prominently involved, is suggested by the ease with which the form 
of the hemolysis curves can be modified by the isosmotie addition of small quanti- 
ties of NaHCO, externally. 


8. ACTIVE TRANSPORT OF DIVALENT IONS BY THE AGLOMERULAR RENAL TUBULE OF 
Lopuius. Roy P. Forster and Fredrik Berglund, Dartmouth College and 
Boston University School of Medicine. 


The single cell layer which comprises the renal tubule of this aglomerular teleost 
acts as a barrier to the free diffusion of monovalent ions while magnesium, sulfate 
and calcium ions are actively transferred from its venous blood supply and concen- 
trated in tubular urine. Magnesium is transported most actively with urine: plasma 
concentration ratios often as high as 100. Sulfate U/P ratios average 35 and eal- 
cium rarely exceeds 10. Divalent ion transport is not affected by Benemid with 
doses of the drug which inhibit the secretion of administered p-aminohippurate. 
This suggests that the mechanism involved in the transfer of divalent ions differs 
from the widely studied cellular process in renal tubules of various vertebrates 
which actively transports PAH, phenol red, diodrast, penicillin and other organic 
acids. The pharmacodynamic properties of these divalent ions preclude competition 
analyses and maximal transfer rate studies on the intact animal. In vitro tech- 
niques and perfusion methods are being developed to further the characterization 
of this transfer process. 


9. RATE OF ACTIVATION IN SMOOTH AND SKELETAL MUSCLE. M. CQ. Goodall, Uni- 
versity of Michigan. 


Recently Csapo and Goodall (J. Physiol., 126: 394, 1954) made the conjecture 
that in the smooth muscle of the rabbit uterus, the rate of activation may be rate 
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limiting for shortening and therefore a fortiori for tension development. The at- 
tempt to show this by measuring elastic modulus (EM) as a function of time met 
with the essential difficulty that EM is a function of tension also, i.e., is non-linear. 
In the following another measure of activation is proposed: namely, the rate k(t) 
of recovery of isometric tension from a qiuck release, at time t, sufficient for the 
tension to fall to zero (about 4% of rest length). The results of such measure- 
ments for the rabbit uterus (estrogen dominated) show that this rate does increase 
with time according to first order kineties with rate k,, the final rate k(co) prae- 
tically reached in about 5 sees., being some nine times greater than the maximum k 
of the unreleased muscle. A typical experiment gave k, = 0.78 see“, k, = 0.54 see 
thus confirming the conjecture. The same result is essentially true for two skeletal 
muscles, neck retractor (retrahens capitis collique) and retractor penis of the 
turtle. In the latter it was possible to confirm this conclusion by direct measure- 
ment of EM throughout the whole tension range at given times t from the instant 
of stimulation. A technique for doing this is described. Comparing these results 
with those of A. V. Hill (Proce. Roy. Soc., 141: 104, 1953) shows that the frog 
and toad sartorii are apparently exceptional in that k, ~ 10 k, and the increase in 
rate described above is a barely measurable 10%. 


1 Supported by Muscular Dystrophy Association. 


10. SOME PHYSIOLOGICAL CHANGES IN THE FUNDULUS EGG ON ACTIVATION. C. Y. 
Kao, State University of New York. 


Upon fertilization or artificial activation, fundulus eggs undergo a series of pro- 
found changes. Morphologically, cortical platelets disappear, and perivitelline 
space gradually enlarges to separate the shrinking egg proper from the chorion. 
Before the initiation of activation, while the cortical platelets are still present, 
resistance of the plasma membrane is of the order of 1000 ohms sq. em. Membrane 
resistance increases about 5-fold when the eggs are activated, beginning with the 
disappearance of the platelets and progressing with the enlargement of the peri- 
vitelline space. The latter change is accompanied by an increasing internal hydro- 
static pressure, attributable to imbibition by a perivitelline colloid, which stabilizes 
at 150mm Hg. When hypertonic sucrose is added to the external medium, the 
internal hydrostatic pressure falls, the egg proper swells to take up most of the 
perivitelline space, and the membrane resistance falls to a level close to that of the 
unactivated egg. As sucrose penetrates the chorion, the internal hydrostatic pres- 
sure returns, the egg proper shrinks, and the membrane resistance increases. The 
results suggest that the impermeability of the fundulus egg membrane is in some 
way related to the state of the perivitelline colloid which when altered causes a 
non-specific increase in membrane permeability. During these changes, membrane 
capacitance remains constant, showing no profound alteration in lipid content of 
the plasma membrane, and suggesting that the changes are due mainly to varia- 
tions in the effective pore size in the plasma membrane. 
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11, THE RESPIRATORY CHAIN AS AN INDICATOR OF INTRACELLULAR ADP. LEVELS IN 
MUSCLE, YEAST, AND TUMOR CELLS. Britton Chance, C. M. Connelly and 
Benno Hess, University of Pennsylvania, Rockefeller Institute, and Heidel- 
berg University. 

In the absence of a direct physical method for the rapid assay of changes in the 
level of adenosine diphosphate (ADP) in vivo, the recently discovered changes in 
the oxidation-reduction levels of 5 members of the mitochondrial respiratory chain 
[Chance and Williams (Nature, in press) ] in response to the ADP level is of use- 
fulness not only for studies of the mechanism of oxidative phosphorylation but also 
for direct studies of the relationship between intracellular ADP level and cell fune- 
tion. In the ease of frog sartorius muscle, changes in the oxidation-reduction level 
of reduced diphosphopyridine nucleotide (DPNH) have been followed (Chance 
and Connelly, Fed. Proc., 13: 94, 1954). Recently we have compared the extent of 
change in DPNH level following a muscle twitch with the change in DPNH level 
measured upon addition of a solution of ADP to isolated mitochondria and caleu- 
late that about 0.008 » moles/gr. ADP is released per twitch, or at least arrives 
at the muscle mitochondria (or sarcosomes from the myofibrils). This value is con- 
siderably below the sensitivity of current chemical methods and affords an ex- 
planation for their negative results (cf. Mommaerts, Nature, 174: 1083, 1954). 

In the ease of whole cell suspensions the interplay between ADP levels in the 
cytoplasmic glycolytic system and in the mitochondria can be studied. ADP levels 
are estimated in starved cells upon activation of the mitochondrial phosphorylation 
systems upon addition of a suitable substrate (for yeast cells, ethanol). ATP 
levels are estimated by activation of hexokinase by glucose addition to cells already 
supplied with a substrate for the mitochondria. In the latter case the transient 
increase of ADP level and the concomitant rapid respiration lasts for only about 
30 see. when substrate has reached the ADP utilizing enzymes of the glycolytic 
system. Then the respiration falls to about one-half for baker’s yeast cells and 
down to one-tenth for Ehrlich ascites cells — an extreme case of glucose inhibition 
of respiration caused by a fall of intracellular ADP level (in this sense an inverse 
Pasteur effect). The difference in the magnitude of the inhibition for the two cells 
suspensions is attributed to a more defined relationship or structure of the enzymes 
of the glycolytic system in the tumor cells. 


12, TEMPERATURE MAINTENANCE AND SURVIVAL OF ADRENALECTOMIZED MICE IN 
RELATION TO STEROIDAL STRUCTURE. Franz Halberg, University of Minnesota 
and Cambridge State School and Hospital. 


Natural and synthetie adrenal corticoids, some of their derivatives and other 
steroids were tested for: (1) temperature maintenance of adrenalectomized mice 
(Proce. Soe. Exp. Biol. and Med., 88: 222, 1955) and for (2) life maintenance of 
the same animal preparation, The chemical characteristics common to the steroids 
which brought about these two biologie effects may be summarized as follows: (a) 
They contain 21 carbon atoms in the molecule; (b) they are unsaturated at C,; 
(ce) they are either four or five oxygen compounds; (d) they all have oxygen at 
C3; (e) they all have oxygen at Q,,. 

Comparisons of steroidal compounds differing from each other with respect to 
one detail in chemical structure further reveal that :(1) In the presence of oxygen 


is, 
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at Cy, oxygen at C,, enhances activity. Such enhancement of activity, by the in- 
troduction into the molecule of an additional oxygen, is greater with oxygen at C,, 
(hydrocortisone) than with oxygen at Cy, (aldosterone) ; (2) both, the alcoholic 
and the ketonie oxygen at C,, are compatible with activity, the alcoholic oxygen 
(hydrocortisone) being slightly more active than the ketonie oxygen (cortisone) ; 
(3) in the presence of oxygen at C,, and C,, (cortisone), unsaturation at C, further 
enhances activity (Al-dehydrocortisone); (4) substitution of halogen in the 9 
a-position of 11,17-oxysteroids is associated with enhancement of activity, more so 
in the ease of substitution with fluorine (9 a-fluorohydrocortisone), than in the case 
of substitution with chlorine (9 a-chlorohydrocortisone). In the fluorinated deriva- 
tives, substitution at C,, of a hydrogen atom for a hydroxyl group is compatible 
with activity: 9 a-fluoro, 11 8-hydroxyprogesterone, 9 a-fluoro, 11 8,17 a-dihydroxi- 
progesterone and 9 a-fluorohydrocortisone were all active, activity increasing in the 
order of listing. Such conclusions regarding correlations between steroidal structure 
and two biologie activities are supported by results of analyses of variance. 


13. NEUROSECRETION AND THE PHYSIOLOGY OF THE BRAIN OF THE CECROPIA SILK- 
WoRM.’ William G. Van der Kloot, Harvard University. 


In the course of metamorphosis the neurosecretory cells in the Cecropia brain are 
known to undergo systematic changes in endocrine activity. Their activity dis- 
appears just before the pupal molt, so that the pupa, in the absence of the brain 
hormone, enters diapause. Months later, endocrine activity is resumed and dia- 
pause is ended. 

Before pupation, at the time when release of the brain hormone ceases, the entire 
brain loses electrical activity. The disappearance of electrical activity is synehro- 
nous with a steep decline in the titer of the brain’s cholinesterase. The brain re- 
mains electrically silent for months. Immediately before the end of diapause, 
cholinesterase and electrical activity return to the brain, apparently as a necessary 
prelude to the reactivation of the neurosecretory cells. 

It is still possible that further enzymatic changes correlate with the loss of 
electrical and endocrine activities — particularly in view of the changes in respira- 
tory metabolism found in many tissues during diapause. Therefore, the oxygen 
consumption and cyanide sensitivity of the brain at various stages has been meas- 
ured. The results show that the oxygen consumption is only slightly changed at 
pupation, even though the brain becomes electrically silent. And the respiration of 
the central nervous system is always profoundly depressed in the presence of 
10-* M eyanide. The evidence at hand suggests that during diapause both the failure 
of the neuroseeretory cells and the inactivity of the entire brain are caused by the 
loss of cholinesterase. 


1 Supported in part by research grant B-703 from the Institute of Neurological Diseases 
and Blindness, of the National Institutes of Health, Public Health Service. 


14. DIRECT EVIDENCE FOR THE NUCLEAR SYNTHESIS OF CYTOPLASMIC RNA. Lester 
Goldstein and Walter Plaut, University of California, Berkeley. 


Amoebae (A. proteus) were labelled with P®O, with the result that the nuclei 
contained a heavy isotope concentration which was essentially all in RNA. The 
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labelled nucleus was transferred, by micromanipulation, to an unlabelled, enucleated 
amoeba. Individual amoebae were then fixed from 5 minutes to 80 hours following 
the operation and autoradiographs were made. These show that with time the P* 
label appears in the cytoplasm. If the operated amoebae were exposed to ribo- 
nuclease digestion before autoradiography no label was found in the cytoplasm or 
the nucleus, This indicates that the labelled component leaving the nucleus appears 
as RNA and does not leave the nucleus as POQ,, since, if such were the case, some 
of the label would be incorporated into phosphoprotein and could not be removed 
by ribonuclease. 

When the P* labelled nuclei were grafted into amoebae that had not been previ- 
ously enucleated, the results were more revealing. Autoradiographs of these bi- 
nucleate cells show that the label again appears in the cytoplasm in the form of 
RNA. However, the label does not show up in significant amounts in the originally 
unlabelled nucleus. We conclude from the latter observation that the nucleus syn- 
thesizes RNA and supplies it to the cytoplasm. If the label were leaving the grafted 
nucleus as an RNA precursor, we would expect it to appear first and in higher 
concentration in the RNA of the originally unlabelled nucleus than in the eyto- 
plasm, since this is what occurs when the amoeba is fed labelled precursors. 


15. GYTOCHEMICAL PROPERTIES OF NUCLEOHISTONE COMPLEXES. Max Alfert, Uni- 
versity of California, Berkeley. 


Changes in the physiological state of cells are often accompanied by alterations 
in the staining properties of various cell components. Such cytochemical changes, 
particularly those concerning cell nuclei, can be followed objectively by photo- 
metric studies of stained tissue sections. The color reactions used for this purpose 
have included the Feulgen reaction for DNA, the Millon reaction for tyrosine- 
containing proteins, and fast green staining at elevated pH for histones, accord- 
ing to the procedure of Alfert and Gesehwind (’53). The results of such studies 
have made it possible to distinguish cell processes which do not affect the staining 
capacity of nucleohistones from those which lead to marked alterations of their 
staining properties: 

Hormone-induced functional changes in mammalian tissues may affect total 
nuclear protein content without altering the DNA and histone content of non- 
dividing cells. In cells preparing for division, DNA and histone appear to be 
synthesized simultaneously prior to onset of the prophase. In neither of these 
eases do Feulgen/fast green staining ratios of nuclei vary greatly. On the other 
hand, marked changes of nuclear Feulgen/fast green ratios oceur during certain 
developmental and degenerative processes, e.g. during sperm cell formation, in 
the course of differentiation of the ciliate macronucleus and during nuclear 
pyenosis. Such alterations in staining properties of nucleohistones are inter- 
preted to indicate changes in the character or amount of the basic protein, or 
changes in its physical association with other protein fractions and with DNA. 


16. A NEw ‘‘voRTEX’’ THEORY IN THE MECHANISM OF mMiITosis. Alan C. Burton 
and Robert H. Haynes, University of Western Ontario. 


In a phase contrast motion picture of dividing normal adult rat fibroblasts in 
vitro, made by Dr. Warren H. Lewis, the so-called metaphase ‘‘dance’?’ of 
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chromosomes appears to be not random at all but looks like a circular vortex. 
Such a vortex could arise from the meeting at the metaphase plate of two proto- 
plasmic streams originating at the poles, and which there set up the vortex. 
There would eventually be an axial stream between the poles, surrounded by a 
peripheral stream in the opposite direction. The chromosome pairs would rotate 
in the vortex until separation, at which time each member of a pair would be 
carried tangentially from the vortex, on opposing streams, to each pole. The 
viseous resistance of the protoplasm to chromosome movement, calculated by 
Stokes’ law, is so great as to suggest that the chromosomes must move with the 
protoplasm rather than through it. The magnitude of other possible external 
forees necessary to overcome protoplasmic resistance, such as due to ‘‘traction 
fibres’’ or to electrical charges, is examined and is felt to be improbably great. 
The spindle fibres may or may not play some part in the process; in any case, 
their existence could be explained on the basis of orientation of long molecules 
by the streams mentioned above. 

This theory is offered merely as an interesting alternative to the many others 
already suggested, and in the hope that it might prove useful because of the 
large number of observations that it appears to explain. 


17. THE RELATION OF PROTOPLASMIC CLOTTING TO OXIDATIVE PROCESSES.’ L. V. 
Heilbrunn and Walter L. Wilson, University of Pennsylvania and University 
of Vermont. 


The living cell is a colloidal engine, but although much is known about changes 
in the protoplasmic colloid that are associated with the operation of this engine, 
we know almost nothing about how these changes are related to the utilization 
of fuel. Protoplasmic gelation or clotting is associated with a change of SH to 
SS groups. This oxidative process may be the spark that sets off oxidative 
reactions within the cell. (For details of this point of view, see Heilbrunn, The 
Dynamics of Living Protoplasm, Academic Press, N.Y. 1955.) We have now 
tried to examine more closely into the relationship that exists between the 
clotting of protoplasm and oxidative changes. Eggs of the worm Chaetopterus, 
the clam Spisula and the sea urchin Arbacia were treated with agents that sup- 
press oxidation or have an influence on the SH group. KCN in relatively high 
- eoncentration (107M) prevents the mitotic gelation in Chaetopterus eggs. In 
much lower concentration (10*M), it has the same effect on the protoplasm 
of Spisula eggs. But on Arbacia eggs cyanide has the opposite effect, and an 
even lower concentration (10M) is sufficient to enhance the mitotic gelation 
and prevent the reversal that normally occurs in the course of the mitotic process. 
The difference in the behavior of Chaetopterus and Arbacia eggs toward cyanide 
may be due to the fact that whereas some proteolytic and clotting enzymes are 
activated by cyanide, others are inhibited. Sodium azide (107M) has the same 
effect as cyanide in preventing the mitotic gelation in Chaetopterus eggs; on 
Arbacia eggs, azide acts much like cyanide does, but only in much higher con- 
centration (ea. 10*M). Finally, parachloromercuribenzoic acid in concentrations 
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of about 10~“M also prevents the mitotic gelation in Chaetopterus eggs. In view 
of the fact that the mitotic gelation is triggered by a system which involves 
a proteolytic (clotting) enzyme, it is believed that the primary effect of the 
substances we have investigated is on this type of an enzyme system. 


1 Supported by a grant from the National Cancer Institute. 


18. SYNERGISTIC OXIDATIVE MECHANISMS ASSOCIATED WITH PIGMENT FORMATION. 
Vernon Riley, Sloan-Kettering Inst. for Cancer Research. 


The role of enzymes and the various steps leading to the formation of pigments 
has been postulated and in many instances established. The autoxidation of 
many of the intermediate compounds has also been studied by many investigators 
and correlated with the step-wise oxidations leading to polymerization and the 
formation of melanotic and other pigments. The studies reported here describe 
non-enzymic, synergistic, oxidative reactions involving some of the naturally 
occurring substrates which are precursors in biological oxidations and pigment 
formation. 

The basic model for the synergistic studies utilizes the combination of 
the natural substrate, dihydroxyphenylalanine (dopa, with p-phenylenediamine 
(PPDA). Under conditions in which the autoxidation of either compound by 
itself is nil, their aqueous combination produces an oxygen consuming reaction, 
with coneurrent melanotic pigment formation, which is quantitatively comparable 
to a potent dopa oxidase or other enzymic preparation. 

Although the optimum ratio of the two compounds, for highest oxygen con- 
sumption, appears to be two molecules of dopa to one of PPDA, the reaction is 
still substantially catalyzed when one of the components is present in only trace 
amounts of the order of 10-*M. 

The effect of molecular configuration, pH, and other factors which are related 
to the possible mechanisms involved will be discussed together with some of the 
biological implications and aspects. 


19. THE IONIC PERMEABILITY OF THE MOTONEURONE MEMBRANE. J. S. Coombs, 
J. C. Eeeles and P. Fatt, Australian National University. 


The surface membrane of the motoneurone has been punctured by a double- 
barrelled micropipette, one barrel acting as a recording microelectrode, while the 
other conveys currents to the interior of the cell. These currents are employed 
either to displace the membrane potential or to change the ionic composition of 
the neurone electrophoretically. The membrane potential change produced by a 
given current provides a measure of the membrane resistance, which is approxi- 
mately constant at about 1 MN both with depolarizing and hyperpolarizing cur- 
rents. The time constants of decay of the excitatory and inhibitory post-synaptic 
potentials give a value of about 4 msee. for the time constant of the motoneuronal 
membrane, hence the membrane capacity is about 4 X 10°F. Partial replacement 
of the intracellular potassium by sodium greatly slows both the rising and falling 
phases of the spike potential, as would be expected on the ionie permeability 
hypothesis for the spike. This ionie change also diminishes or reverses the 
after-hyperpolarization following the spike, recovery after a moderate change 
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likewise following an approximately exponential time course with a time constant 
of about 200 seconds. This recovery would occur as sodium is pumped outwards 
and potassium inwards. Since potassium depletion is the only ionie change 
affecting the after-hyperpolarization, it is assumed to be due to an increased 
permeability to K+ ions. The membrane potential at which the after-hyper- 
polarization reverses (—90mV) gives the equilibrium potential for K* ions, 
With [K*,] at 5.5mM, [K*,] is caleulated to be 150mM. Similar experiments 
show that the inhibitory post-synaptic potential is due to the increased perme- 
ability to K* and Cl ions and has an equilibrium potential of about — 80 mV. 
Assuming equal permeability for K* and Cl ions, the Cl- equilibrium potential 
comes out at about —70mV, ie. at the resting membrane potential. There is 
thus no need to postulate a membrane pump for Cl- ions. In contrast there must 
be a potassium pump concentrating K* ions up to an equilibrium potential of 
20mV above the membrane potential. Possibly, as with the squid axon, this is 
coupled with the sodium pump. 


SYMPOSIUM 


PHYSIOLOGICAL TRIGGERS 
(Organized by T. H. Bullock) 
Woods Hole, September 10 


20. THE PROCESS OF INFECTION BY TOBACCO MOSAIC VIRUS. Irving Rappaport, A. 
Siegel and S. G. Wildman, University of California, Los Angeles. 


The onset and early phases of TMV infection have been followed in a local 
lesion host (Nicotiana glutinosa) by ultraviolet irradiation, rate measurements 
of the spreading necrosis, and microscopic examination of the infected cells. 
Through a precise type of cellular injury, a single infectious particle of TMV 
enters a susceptible tobacco leaf cell, and initiates an infection. Ultraviolet 
irradiation experiments indicate that the host-virus complex passes through 4 
distinct stages before the infection spreads to adjacent cells. Stage 1. UV 
sensitivity of the infectious centers and in vitro virus are identical for the first 
2-3 hours after inoculation. Both exhibit the same exponential relationship with 
respect to UV dose. Stage 2. Infectious centers become more and more resistant 
to UV inactivation during the next one to two hours. Stage 3. No further change 
in UV sensitivity is detected for 1-2 more hours. Stage 4. A rapid rise in UV 
resistance begins 7 hours after infection which is correlated with the multipli- 
cation of the virus particles. Within 48 hours, the virus spreads to the extent 
that the resulting necrosis becomes visible to the naked eye. The lesion appears 
elliptical in shape and continues to spread, enlarging the area of involvement. 
For 5 subsequent days, the infectivity extractable from the lesion is directly 
proportional to its area. The lesion’s axial growth is a linear function of time. 
Its rate is such that a perimeter of single cells becomes necrotic and added on to 
the lesion in about 4 hours. Cytological examination of fresh leaf sections cut 
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through the necrotie area and adjacent living tissue reveals degenerative changes 
in 3 to 4 cells beyond the sharply defined area of dead cells. Assuming these 
changes reflect early virus activity in cells still alive, it is caleulated that approxi- 
mately 12 hours elapse between infection and cell death. During this time, approxi- 
mately 2 X 10° virus particles are produced in each cell. 


21, CHEMICAL, ELECTRICAL AND LIGHT TRIGGERING IN LARGE PLANT CELLS. Law- 
rence Blinks, Stanford University. 


Although large multinucleate plant cells respond to some environmental changes 
in regular fashion, with a linear alteration of potential, to other agents they 
may display a triggered, ‘‘all-or-none’’ reaction. An example is the response 
of Halicystis to ammonium salts. Low concentrations (below 0.001 M NH,Cl 
added to sea water at pH 8) produce only a small and transient lowering of 
potential, comparable to that due to potassium, and doubtless referable to the 
ammonium ion, At higher concentrations (0.002 to 0.004M NH,Cl) a threshold 
is reached, however, at which the normal potential undergoes a change of 100 
mV or more, with at first a slow decrease of the positive potential, then a more 
and more rapid fall, followed by a reversal —a negative cusp of 30 to 40 mV, and 
an irregular, negative plateau, maintained as long as the ammonia is applied. 
Further increments of ammonia do not greatly increase this negativity; and the 
normal 80 mV positive potential is quickly regained on application of sea water. 
That the effect is due to undissociated base is shown by changing the pH; the 
threshold for reversal is lowered to 0.0001 M NH,Cl at pH 9 to 10. Other weak 
bases (amines and alkaloids) show similar threshold effects and give rise to the 
same negative potential. It is suggested that the base penetrates in undissociated 
form across the membranes, and combines with acidic groups in the cytoplasm 
to produce its effects — possibly with the polar groups on the inner side of the 
plasma membrane. The vacuolar membrane seems less susceptible and maintains 
its potential — hence the negativity. 

Similar triggering can be brought about by light in the presence of sub- 
threshold ammonia concentrations: photosynthetic utilization of CO, in the vicinity 
of the cell apparently raises the pH sufficiently to decrease the ionization of 
NH,Cl and allow the penetration of free base. Decreasing the oxygen content 
of sea water has a similar effect — possibly via a decrease in CO, production. 

The flow of electric current across the protoplasm of Halicystis ean also trigger 
a negative response. Inward (anodal) currents have little effect on the potential; 
these may be increased to as much as 50 microamperes/em? of cell surface without 
producing more than 5 or 10mV increase of positive potential. Small outward 
(cathodal) currents are likewise without great effect, giving only a small decrease 
of potential. But at a threshold of some 20-25 uA/em*, a reversal of potential 
suddenly occurs, with a time course very like that due to ammonia, except that 
the time is in seconds instead of minutes. Recovery oecurs promptly on cessation 
of current flow. The threshold for current flow may be lowered by low concen- 
trations of NH,Cl (e.g., 0.001M); the locus, and possibly the mode of action, 
may be the same. 


ABSTRACTS 365 


Current flow in Nitella produces a somewhat similar response, except that the 
potential is not greatly reversed (if at all), and recovery oceurs during current 
flow. The low threshold and spontaneous recovery from the triggering doubtless 
both contribute to the conduction of stimulation in this plant cell. 

Valonia, on the other hand, acts us if permanently ‘‘stimulated,’’ having a 
negative potential. This can however be rendered strongly positive (100 to 200 
mV) by anodal (inward) current flows, by CO, and other weak acids, and, tem- 
porarily, by light and hypotonic solutions. 


bo 
bo 


INITIATION OF CELL DIVISION AND ORGAN FORMATION IN PLANT TISSUES. F, 
Skoog,’ University of Wisconsin. 


A substance required for cell division and which permits continuous growth of 
various plant tissues in vitro has been isolated from yeast extract and from 
certain DNA preparations. The chemical has been identified as 6-furfurylamino- 
purine and synthesized. With excised tobacco pith tissue as test material, bio- 
logical activity was detected with concentrations down to 1 microgram per liter, 
or less, supplied in the nutrient medium. Because of its apparent primary fune- 
tion in cytokynesis it was called kinetin. 

The generic name kinins is suggested for kinetin and homologous active com- 
pounds, and also including other substances with similar biological activity. 

Depending on its concentration in relation to auxins and various nutrient 
factors, kinetin supplied to tissue cultures exerts marked regulatory effects on 
the formation and development of roots and buds as well as on the rate of growth 
of the tissues. 


1 Carried out in cooperation with Prof. F. M. Strong, Carlos O. Miller, and others, at the 
University of Wisconsin. Supported in part by the Research Committee of the Graduate 
School and by the Committee on Growth of the Nat. Res. Council with funds from the Wiscon- 
sin Alumni Research Foundation and from the American Cancer Society. 


23. INITIATION AND CONTROL OF FIREFLY LUMINESCENCE. W. D. McElroy, 
Johns Hopkins University. 


There is no doubt that the firefly flash is initiated by a nerve impulse to 
the luminous organ. There remains some question, however, as to the mechanisms 
involved. Two general theories have been proposed. One is concerned with the 
nervous control of oxygen availability through the trachea to the luminous 
gland, while the second theory proposes that the luminous material is temporarily 
released from an inhibitory complex by the nerve impulse. It is possible to 
obtain two types of flashes in the firefly as well as in vitro, When intact 
fireflies are placed temporarily under anaerobie conditions, they will emit a 
pseudoflash when oxygen is readmitted. The duration of this flash in Photinus 
pyralis is usually of the order of 2-3 seconds (% rise time =0.5 sec) in 
contrast to the normal flash which lasts for not longer than 0.2 second (4 rise 
time = 0.05 sec). 

As reported previously, the requirements for light emission in vitro are as 
follows: luciferase, luciferin, Mg*+, adenosine triphosphate (ATP) and oxygen. 
When all of these components are mixed together there is an initial flash 
(4 rise time less than 0.1 sec. at 25°C.) of light whose intensity rapidly de- 
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creases within a few seconds to a low baseline level. If crystalline ioe ame 
pyrophosphatase is added to the reaction mixture the baseline Hens ol 
is greatly depressed without having any effect on the initial light GE 
The decline of luminescence after its initiation with ATP, to the low baseline 
level, is due to a reversible inactivation of luciferase. Pyrophosphatase is be- 
lieved to facilitate this process by forming an inactive complex from an active 
intermediate. The secondary addition of pyrophosphate to this reaction mixture 
will give an instantaneous flash (3 rise time less than 0.1 sec) whose duration 
depends upon the concentration of pyrophosphatase. If the reaction mixture 
is placed under anaerobic conditions, there accumulates an intermediate which 
gives a very bright light reaction upon the admission of oxygen. However, the 
duration of this flash is comparable to the pseudoflash observed in the intact 
firefly. The results suggest that the formation of an oxygenated intermediate 
(possibly organie peroxide) is too slow to be the controlling factor in the 
firefly flash. Rather, we believe that the reactive intermediate (probably oxygen- 
ated) is held in an inactive state by complex formation with other proteins 
(particularly inorganic pyrophosphatase which occurs in a very high con- 
centration in the lanterns). The firefly flash occurs when this complex is 
split by pyrophosphate or similar compounds. The release of the latter would 
be under nervous control and would presumably depend upon a typical acetyl- 
choline cycle leading to a limited pyrophosphate release. 


24. MECHANISMS IN FERTILIZATION. Charles B. Metz,’ Florida State University. 


Fertilization consists of events which proceed in a very precise and orderly 
fashion. This suggests that fertilization results from a ‘‘trigger-like’’ reaction. 
Certain aspects of recent work on this reaction are considered: fertilization in 
Paramecium; possible trigger action on the spermatozoan; some aspects of egg 
activation. 

In Paramecium the initial step is an adhesion of potential conjugants, the 
mating reaction. This mating reaction appears to depend upon interaction of 
specific, complementary, surface substances, the mating type substances. The 
subsequent events in conjugation, including the nuclear cycle, result from the 
interaction of the mating type substances. Evidence for this is derived from 
two main sources: (1) dead paramecia give specific mating reactions with living 
animals of complementary type and induce in the latter the complete conjugation 
cycle; (2) mutant paramecia give the initial mating reaction but fail to undergo 
the subsequent events of conjugation. These mutants induce the conjugation 
cycle in non-mutant paramecia. 

Recent studies by Dan (confirmed in part by Metz and Morrill) suggest that 
the spermatozoan must be ‘‘fertilized’’ before it ean participate in fertilization. 
Under certain conditions spermatozoa undergo an ‘‘acrosome reaction.’’? In the 
most striking case (starfish) this involves the appearance of a long, fine acrosome 
filament. The reaction can be induced by non-specific contact, by alkali or by the 
sperm isoagglutinin, fertilizin. 

Two aspects of egg activation are considered: the activation initiating mech- 
anism and the propagated responses in the egg. 
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The activation initiating mechanism remains obscure. Activation clearly requires 
only superficial contact between the egg and spermatozoan. It has been considered 
by many to result from an interaction between specific egg and sperm substance 
analogous to the mechanism in Paramecium. Attention has been directed espe- 
cially to two substances, fertilizin from the egg and anti-fertilizin from the sperm. 
These substances interact with a specificity approaching that of fertilization itself. 
Although they clearly aid fertilization, there is no substantial evidence that 
their interaction initiates activation. 

Certain changes arise at the site of sperm-egg union and spread over the egg. 
These propagated responses are presumably initiated by a trigger type reaction 
between the sperm and egg. In the echinoderm egg these include: changes in the 
optical properties of the egg surface; breakdown of the cortical granules; block 
to polyspermy; elevation of the fertilization membrane. Electrophysiological 
studies of Grundfeast et al. have demonstrated a resting potential in the echino- 
derm egg which changes briefly upon fertilization. 


1The writer's studies were aided by grants from the National Institutes of Health, the 
American Cancer Society, and the National Science Foundation. 


25, ‘THE ONSET AND TERMINATION OF INSECT DIAPAUSE. Howard A. Schneiderman, 
Cornell University.’ 


The larval and pupal diapause of Hymenoptera and Lepidoptera is con- 
trolled by neurosecretory cells in the insect’s brain. Williams and Church have 
shown that these cells release a tropic factor stimulating the insect’s prothoracic 
glands to secrete a growth hormone (PGH). When neurosecretion ceases, growth 
stops, and diapause supervenes. Three prinicipal problems are outstanding in 
the study of diapause: (1) What shuts off the neuroseeretory activity of the 
brain? (2) What turns it on again? (3) How does PGH react with the 
tissues to terminate diapause and initiate growth? 

(1) In insects with facultative diapause, inactivation of the brain is triggered 
by extrinsic conditions, e.g., temperature, photoperiod, ete. The mechanism is 
complicated by the fact that the triggering stimulus often acts at an early 
stage of the life cycle, while diapause is not manifest until much later, For 
example, in the wasp Mormoniella vitripennis exposure of females to low tempera- 
ture during oogenesis brings about diapause in their offspring at the close 
of the last larval instar. Possible mechanisms whereby such extrinsic factors 
ultimately turn off neurosecretion in the brain will be discussed. 

(2) Prolonged exposure to low temperature renders the diapausing brain 
competent to renew neurosecretion. The biochemical meaning of ‘‘renders 
competent’? will be considered. Evidence will be presented that low temperature 
slows down a breakdown reaction within the brain and permits the synthesis of 
a substance necessary for neurosecretory activity, possibly the neurosecretory 
material itself. This synthetic reaction requires oxidative metabolism but is 
apparently not linked to the cytochrome ¢ oxidase system, for while diapausing 
insects chilled anaerobically remain in diapause when returned to developmental 
temperatures, insects chilled in CO/O, mixtures develop. 

(3) The mechanism of action of PGH has been examined in the Ceeropia 
silkworm by comparing diapausing pupae with developing animals whose 
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tissues have been exposed to PGH. Physiologically the diapausing pepe 2 
characterized by the absence of cell division and a low metabolism which is 
markedly stimulated by injury. Biochemically the diapausing pupa is remarkable 
in that the cytochrome c oxidase system is absent from most cells and replaced 
by a CO- and cyanide-insensitive terminal oxidase. By contrast, neers 
and developing adult possess a functional cytochrome ¢ oxidase system. Evidence 
will be presented indicating that PGH triggers the synthesis of the cytochrome 
system, and these findings will be related to recent observations of Karlson 
and his coworkers on the structure and action of erystalline PGH. 


1 This paper is based in part on work supported by a grant from the National Institutes of 
Health of the U. 8. Public Health Service. 


26. EXCITATION TRIGGERS IN POST-JUNCTIONAL CELLS. Harry Grundfest, College 
of Physicians and Surgeons, Columbia University. 


Study of bioelectrically active systems, particularly at the unicellular level, 
has revealed a number of trigger mechanisms in excitable membranes. While 
the mode of action of none of these is as yet known, their rich variety is 
especially disclosed by the electrical events in post-junctional cells. However, 
useful information is also obtained from non-junctional material (large celled 
algae or isolated axons). 

Even the reversible depolarization rapidly caused in the resting cell by in- 
creasing and decreasing external K* is dependent on some membrane constituent 
(Chara, Nitella). This is probably so situated as to be more accessible from 
the exterior than from the interior of the cell, since large alterations of internal 
K* by microinjection need not affect the resting potential (squid giant axon, 
frog muscle fiber). A variety of other evidence also indicates that the excitable 
membrane is different at its interior face from that at the exterior (squid giant 
axon; frog muscle fiber, end-plate). The trigger has not only spatial complexity 
but probably also functional. Depolarization by chemical agents is blocked by 
other substances, yet the block to chemical depolarization does not extend to 
that caused by high external K+ (muscle, eel electroplaque). 

Responses of excitable cells, which are non-linear reactions to stimulation, 
disclose other trigger mechanisms. In many cells stimulation results in an 
explosive, all-or-nothing, decrementlessly propagated spike. This may involve all 
the cell membrane, or only a part. The remainder may be totally inexcitable 
(Nitella, electroplaques) ; inexcitable by electrical stimulation while responsive 
to activity in afferent nerves; or it may react to electrical stimuli with a re- 
sponse other than the spike, one graded with intensity of stimulus and therefore 
deerementally propagated for relatively short distances. 

Upon external application of certain substances (musele, eel electroplaque) or 
after local alteration of the cell interior by micro-injection (squid giant axon) 
only this graded response remains in the excitable membrane. It is probably 
the normal mode in some muscle fibers. In others it appears likely that hormonal 
control alters response from the all-or-nothing type (oestrogen dominated uterine 
suet) to ahe graded (progesterone dominated). As the local response pre- 
facing the spike, graded activity is normally present in many cells. However, the 


masking effect by the latter is temporarily eliminated during early refractoriness 
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(eel electroplaque, squid and earthworm giant axons, probably vertebrate nerve 
fibers). A graded response, identical in magnitude and form with the spike, 
but only decrementally propagated is then disclosed. While the axon and soma 
of cortical neurons develop a spike, their dendrites apparently respond only 
with long lasting, graded activity. Similar phenomena apparently exist in 
lobster cardiac ganglion cells and stretch receptors. 

In some cells the excitable membrane is totally or predominantly responsive 
only to neural stimulation (electroplaques of Torpedo, Raia, probably many 
invertebrate muscle fibers). In other cells this neurally responsive component 
is confined to one or several distinct regions of membrane (end-plates). In 
still others, both the electrically and the neurally excitable components are 
interspersed (eel electroplaque, earthworm and crayfish giant fibers, probably 
all neurons). However, the two types of differently triggered components can 
often be distinguished by physiological and pharmacological differences. 

The neurally evoked response appears to be always graded. Transfer of 
activity from the pre-junctional nerve is probably always caused by release from 
the latter of an excitant chemical. Transmitter action may result either in a 
depolarizing (excitant) or hyperpolarizing (depressant) post-junctional re- 
sponse, and both responses may occur in the same eell. While cholinergic and 
adrenergic transmitters are known, there are probably others also. A single 
transmitter may have opposite action on different types of post-junctional cells 
and often the antagonistic effects of the adrenergic and cholinergie are re- 
eiprocally reversed. 

Bioelectric triggers probably operate to valve the ionie permeability of the 
excitable membrane. The existence and interrelations of the various responses 
described above therefore provide certain specifications for these triggers. 


27. INITIATION OF NERVE IMPULSES IN THE COCHLEA AND OTHER MECHANO- 
RECEPTORS.’ Hallowell Davis, Central Institute for the Deaf. 


‘“‘Trigger action’? in sense organs implies release of energy by the tissue 
or organ over and above the energy of the ‘‘stimulus’’ supplied from an ex- 
ternal source. In the sense organs the amounts of energy involved are not large, 
as the ultimate work done is merely to excite the sensory nerve fibers, but in 
many cases, including the eye, the ear, and the organs of chemical sense, the 
stimuli near threshold are so weak that a trigger action can safely be inferred. 
On the other hand, the exact mechanism of the initiation, control and release 
of the biological energy supplied ultimately by the metabolism of the sensory 
end organ is not known for any sense organ. 

The cochlea represents the most sensitive of the mechano-receptors. Its 
anatomy makes it accessible, although with some difficulty, to study of its mechan- 
ical, electrical and neural events, and a partial analysis of its energetics has 
been made. Acoustic energy is delivered very efficiently to the organ of Corti. 
Movement here causes a shearing action between the tectorial membrane and 
the reticular lamina and a consequent bending of the ‘‘hairs’’ of the sensory 
cells. The amplitudes of movement at the extreme threshold of hearing are of 
only atomic magnitudes and the energy levels are only slightly above that of 
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the thermal agitation of molecules. Two distinct electrical potentials, ee 
alternating-current ‘‘cochlear microphonie’’ and the unidirectional ‘‘summating 
potential,’’? are correlated with the mechanical vibrations of the organ of 
Corti. The cochlear microphonic, and perhaps the summating potential also, 
represents a controlled release of electrical energy derived from the sense oreay 
not from the acoustic stimulus. The most probable source of this energy 18 the 
DC polarization of the scala media of the cochlea where the organ of Corti lies. 
The cochlear microphonic, and perhaps the summating potential also, is the prob- 
able immediate stimulus for the auditory nerve fibers. The source of the DC 
potential and the mechanism of its modulation to give the cochlear microphonie 
and the summating potential are not known. A possible model for the trigger 
action is a battery plus a variable-resistance microphone combined to give a 
modulated current flow that is proportional, within limits, to the amplitude of 
mechanical (acoustic) displacement or bending. This model may not be applicable 
to all mechano-receptors because the hair-cell organs may represent a specialization 
for high sensitivity to small mechanical forces. 


1 Prepared under Contract N6ONR-272 between Central Institute for the Deaf and the 
Office of Naval Research. 


28. TRIGGERING THE CONTRACTION PROCESS IN INSECT FIBRILLAR MUSCLE. Ed- 
ward G. Boettiger, University of Connecticut. 


In the flight muscles of the higher insects the individual muscle contractions 
are not triggered by the nerve impulses. Wing movements of 180 per second may 
be associated with nerve impulses at 20 per second. To explain this anomalous 
behavior the longitudinal flight muscle of the bumble bee was studied by 
classical physiological methods. 

When stimulated by a single shock this muscle produces isometrically a 
small rise in tension. Multiple stimuli induce summation with complete tetanus 
at a stimulus frequency of 30-40 per second. Isometric tension-length curves 
of stimulated and unstimulated musele are similar to those found in other 
striated muscle, However the muscle can shorten only 12% of its rest length. 
In the animal shortening is mechanically limited to only a few per cent of 
rest length. 

Typical isotonic contractions with a load could not be obtained. Upon stimu- 
lation under isotonic conditions the muscle shortened somewhat and then went 
into oscillation at a frequency determined by the natural period of the Sys- 
tem. Instantaneous tension-length diagrams drawn out by the oscilloscope beam 
revealed loops of various sizes. Tensions were higher when the muscle was 
shortening than when lengthening. The area enclosed by the loop represents 
the work done by the musele against damping forces during a complete cyele. 
When the stimulated musele was driven through a eyele at different speeds the 
area of the loop changed and even became negative. Tension was then higher 
during lengthening than shortening and so work was being done on the muscle. 

This unique behavior of fibrillar muscle is apparently brought about by a 
shift in the phase relations of tension and length (or velocity). Considering 
the tension and length changes to be sine waves if the maxima and minima 
oceur at the same time the system would behave as a spring and the tension- 
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length relation appear as a straight line. If tension peaks precede length 
peaks by about 30 degrees, loops such as those recorded would define the 
tension-length relation. 

It is suggested that the triggering of the muscle is normal but that under 
the proper conditions, internal and/or external, the phase relations of tension 
and length are altered. This triggers the oscillatory behavior of the contractile 
mechanism and chemical energy is expended to overeome the external damping 
forces. 


29. PRIMARY MECHANISMS OF HORMONE ACTION ON TARGET CELLS. Clara M. 
Szego, University of California, Los Angeles. 


Detailed analysis of the response of reproductive target organs to the ad- 
ministration of steroid hormones has permitted a working hypothesis to be 
drawn concerning the mechanism of hormone action under these circumstances. 
It will be demonstrated that while a host of biochemical reactions in the uterus 
of the castrated rat is influenced during the complex process of growth and 
differentiation, comprising the overall response of this structure to hormonal 
stimulation, the primary loci of hormonal action appear to be few. Likewise, 
analysis of available data on non-steroidal hormones indicates that similar 
direct and indirect responses are distinguishable in these situations as well. 

The manner in which the hormone registers its influence in triggering, at 
least quantitatively, the chain of metabolic events in the target organ appears 
related to the formation of essential links with protoplasmic receptors of a 
protein nature. Binding of certain hormones to specifie proteins has been 
demonstrated im vivo and in model systems in vitro, and has been shown to be 
competitive in character. The combination of hormone and protein receptor 
may occur at the cell surface, leading to modification of the selective permeability 
of the membrane and to secondary alterations in enzymatic activity as a result 
of shifts in ionie constituents and other diffusible regulating substances or sub- 
strates. For example, the gross and metabolic evidences of growth stimulation 
in response to the appropriate sex steroid, and growth depression as a result 
of steroid antagonism appear to be secondary to parallel variations in permea- 
bility and carbohydrate metabolism of the reproductive target organs. The 
ultimate resolution of these interrelated phenomena may have widespread 
implications for the general problem of biocatalytic regulation. 


30. TRIGGERING OF THE PITUITARY BY THE CENTRAL NERVOUS SYSTEM. Charles 
H. Sawyer, University of California, Los Angeles.’ 


The release of several pituitary hormones from the adenohypophysis as well 
as the neurohypophysis is controlled by the central nervous system (CNS). 
The present discussion concerns the release of an ovulatory surge of pituitary 
gonadotrophin (‘‘ovulating hormone’’). The process involves a chain of nery- 
ous events in the so-called spontaneous ovulators (e.g., rat) as well as in those 
forms (e.g., cat, rabbit) which require an overt nervous stimulus at coitus 
to trigger the mechanism. Some of the key characteristics and sites of the 
involved neurogenic activity have been determined with the use of electrical 
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recording, localized electrical central stimulation and lesions, and a neuropharma- 
ecological study of the central effects of drugs known to activate or block 
the release of ovulating hormone. 

In the forms normally requiring the coital stimulus, the release of ovulating 
hormone may be induced by electrical stimulation of broad areas of the 
hypothalamus, with little specific localizing value. Electrolytic lesions around 
the ventromedian nucleus interrupt copulation-induced ovulation whereas pos- 
terior mammillary lesions eliminate mating behavior without affecting trophic 
influences of the hypophysis on the gonads. Glass rod stimulation of the 
vagina, which evokes ovulation in the estrous cat or estrogen-treated rabbit, 
induces recurrent slow waves in wide areas of the rabbit electroencephalogram 
(EEG) while in the eat a characteristic electrical activity is encountered in 
the anterior lateral hypothalamus. Neither these changes nor ovulation follows 
vaginal stimulation in the anestrous animal, suggesting that estrogen facilitates 
the ovulatory mechanism at the nervous level. An EEG study of pharmacological 
stimulants of release of ovulating hormone in the rabbit indicates that more 
than one pattern of electrical change in the CNS is consistent with pituitary 
activation. 

In the rat a neurogenic timing mechanism with a 24-hour rhythmicity re- 
places the coital stimulus and its afferent system in evcking the release of 
ovulating hormone. This timing mechanism has been revealed with the use 
of nerve-blocking agents such as dibenamine, atropine, nembutal and, more 
recently, by morphine, reserpine and chlorpromazine. Many of these drugs 
produce an apparent sleep-like EEG and raise the arousal threshold on electrical 
stimulation of the midbrain reticular activating center. As limited by the 
blocking agents, the pituitary activation process appears to take from 20-35 
minutes during a critical two-hour period between 24 P.M. on the day of 
proestrus. EEG recording during the critical period has revealed changes 
in electrical activity in the lateral preoptic region which have temporal ehar- 
acteristics of the pituitary stimulating mechanism. 


_1 The work represents a collaborative effort with Drs. Markee and Everett at Duke Univer. 
iy ae Dee Porter, Barraclough, Critchlow and Robison at the University of California at 
os Angeles. 
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